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ABSTRACT

This report was prepared for the Reference Repository Conditions - Interface
Working Group and will be used to formulate a standardized description of repos-
itory conditions for use by the Civilian Radiocactive Waste Management Program,
A baseline repository in granite 1is defined and three waste types are con-
sidered: unreprocessed spent fuel, commercial high-level waste, and defense
high-level waste, Three different scales of repository environment are
described - the very-near field (near the waste canister), the near field (the
room and pillar), and the far field (the entire repository and surroundings).
Information was compiled from the literature and, in addition, a number of
calculations were performed, The major emphasis is on describing the thermal
environment although the ground-water flow and chemical and radiation environ-
ments are also described,
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EXECUTIVE SUMMARY

The objective of this report is to describe the environment expected in and
around a repository located in granitic rock. The major emphasis is on
describing the thermal environment, although the ground-water flow and chemical
and radiation environments are also described. The expected repository environ-
ment was defined by reviewing available literature and by performing supplemen-
tary numerical analyses in those areas where information was not available,
Modeling was generally carried out on three scales: the very-near field (near
the waste canister), the near field (the storage room and pillar), and the far
field (the entire repository and a large portion of the surrounding geologic
formation). Three types of nuclear waste were considered: unreprocessed spent
fuel (SF), commercial high-level waste (CHLW), and defense high-level waste
(DHLW). :

An extensive literature review was performed to determine the thermal,
hydrogeclogical, and mechanical properties typical of granite. Table ES-1 lists
the thermal and hydrogeological properties assumed for the generic granite in
the numerical simulations performed in this study. Note that three values of
thermal conductivity were assumed to assess the sensitivity of the thermal
environment to this parameter, The properties assumed for the three waste types
and for the other materials in the models are also listed in Table ES-1.

The repository design used in this report is based on a synthesis of concep-
tual and generic design studies which have been carried out throughout the world
to date. The reference repository consists of a series of long, parallel tun-
nels on one horizontal Tlevel at a depth of 1,000 m, with the waste canisters
emplaced into vertical drill holes in the tunnel floors. The rooms are spaced
30 m center-to-center and are 7,5 m wide by 7.0 m high, yielding an extraction
ratio of 25 percent, One-, two-, and four-row layouts of canisters were modeled
in this study, but the thermal response in the very-near-field and near-field
regions were nearly identical for all three canister layouts. The diameter of
the vertical drill hole is sufficiently large to allow a 0,l1-m-wide annulus
between the waste canister and the rock, and the drill hole is approximately
2,0 m deeper than the length of the canister, The annulus and the drill hote
above the waste canister is backfilled with crushed granite immediately after
waste emplacement,



Table ES-1, Thermal and Hydrogeological Properties Assumed for Materials
in Thermal Environments Study
Material Thermal Conductivity | Specific Heat | Density| Porosity| Permeability
(W/m-K) (J/kg-K) (kg/m3) (%) (m2)
1.75
Granite 2.52 809.3 2650, 0.01 1.02 x 10-15
3,29
(Cruzﬁggfél;nite) 0.266 809.3 1828, 31.0 N.AL ()
Emplacement (b) (a) (a)
Room Air 75, 1003. 1.3 N.A. N.A.
Nuclear Waste
selc) 1.21 837.4 2995, N.AL(2) N.A, ()
CHLW 1.21 837.4 2995, N.AL () N.A, (3
DHLW 1.35 1047. 2800. N.AL () N.A (2

(a) N.A, - Not Applicable.

(b) Internal details of SF canister not modeled.

predictions based on McCann [1980].

Internal temperatures calculated using

(c) Equivalent conductivity based on combined conduction-radiation heat transfer across room.




In plan view, the repository 1is square in shape with sides 1,87 km in
length. The shaft pillar is located in the center of the repository in an
inactive area containing maintenance shops and other facilities, The inactive
area is 700 m square.

The operational sequence assumed for the reference repository is as follows:

(1) The waste is emplaced over a 20-year period;

(2) A five year "monitoring” period follows during which the reposi-
tory is kept open so that the wastes can potentially be removed;

(3) The repository is "blast-cooled" for 100 days; and

(4) The repository is backfilled with crushed granite and decommis-

sioned,

[t is assumed that each room is filled with waste instantaneously. The entire
repository is filled sequentially from the outermost edges in toward the shaft
pillar over the 20-year emplacement period.

Areal thermal loadings of 20, 25, and 25 W/mZ were considered for SF, CHLW,
and DHLW repositories, respectively. The initial canister powers were 550 W for
SF, 2100 W for CHLW, and 578.5 W for DHLW. It was necessary to reduce the ini-
tial canister power of CHLW to 700 W to obtain acceptable temperatures in and
near the canister. With this change, the peak temperature rises predicted in
the very-near field were simitar for all three waste types and were approxi-
mately 180°C at the canister skin for a granite thermal conductivity of
2,52 W/m-K., These results were nearly independent of the canister layout con-
sidered. The peak temperatures consistently occurred at later times in the SF
repository than in the CHLW and the DHLW repositories and these temperatures
were sustained over a longer period of time. The higher concentration of long-
lived isotopes in SF 1is responsible for this difference. Even though the areal
thermal loading of SF was only 80 percent of CHLW, the peak temperature rise
predicted on the repository midplane in the far-field models was approximately
93°C for both waste types. The effect of convective heat transfer by regional
and thermaily induced ground-water flow on the predicted far-field temperatures
was negligible,



1 INTRODUCTION

The main objective of the U,S, Department of Energy's (DOE) Civilian
Radioactive Waste Management (CRWM) Program is the safe disposal of commercially
generated nuclear wastes, The CRWM Program is focusing on mined geologic
disposal in deep underground formations, This report forms part of the Rock
Mechanics Program which is one component of the overall CRWM Program [Neff,
1980]. To ensure proper coordination and communication amongst the many organi-
zations which are Tnvolved, a number of Interface Control Boards (ICB) have been
established. The work presented here was done under the guidance of the
Reference Repository Conditions - Interface Working Group (RRC-IWG) which is an
ad hoc Working Group established by the Isolation Interface Control Board.

The objective of this report is to describe the environment expected in and
around a repository located in granitic rock., The report will be used by the
RRC-IWG to formulate a standardized description of repository conditions which
will serve as a guide for scientists conducting material performance tests;
engineers preparing the design of repositories; scientists and engineers devel-
oping waste forms; and the technically conservative conditions to be used as a
basis for DOE application for licenses.

A baseline repository design has been developed for use in this report based
on existing studies., In the present design, storage rooms are wmined 1in the
granite 1,000 m below the surface of the earth, and cylindrical waste packages
containing high-level waste in a solid matrix or spent fuel elements are
emplaced in vertical holes in the floor of the storage rooms, The emplacement
holes are backfilled immediately and the storage rooms are backfilled and sealed
at some later time. Heat generated by the nuclear waste flows from the waste,
through the waste package and backfill, through the surrounding geologic for-
mation, and up to the surface of the earth, where it is eventually dissipated.
The dincreased temperature associated with this heat flow is the main mechanism
influencing the "expected environment" described in this report. A future
report will deal with the mechanical effects associated with a repository.

The expected repository environment is described in terms of transient tem-
perature fields and perturbations of ground-water flow, In addition, the
granite and ground-water chemistry and the radiation fields are described. The

rock properties of a generic granite have been assumed in the calculations and



three types of nuclear waste are considered: commercial high-level waste
(CHLW), commercial unreprocessed spent fuel (SF), and defense high-level waste
(DHLW).

The expected repository environments were defined by reviewing available
literature and by performing supplementary numerical analyses in those areas
where information was not available. A specific area which required additional
analysis was the modeling of the ground-water flow, including thermally induced
perturbations. In addition, parametric sensitivity analyses were performed in a
number of areas where uncertainty existed. Modeling was generally carried out
on three scales: the very-near field (near the waste canister), the near field
(the storage room and pillar), and the far field (the entire repository and a
large portion of the surrounding geologic formation),

Areal thermal loadings of 20, 25, and 25 W/m? were considered for SF, CHLW,
and DHLW repositories, respectively, in granite, It was necessary to reduce the
initial canister power of CHLW from 2,100 W to 700 W to obtain acceptable tem-
peratures in and near the canister, With this change, the peak temperature
rises predicted in the very-near field were similar for all three waste types
and were approximately 180°C at the canister skin for a granite thermal conduc-
tivity of 2.52 W/m-K, These results were nearly independent of the canister
layout considered. The peak temperatures consistently occurred at later times
in the SF repository than in the CHLW and the DHLW repositories and these tem-
peratures were sustained over a longer period of time, The higher concentration
of long-lived isotopes in SF is responsible for this difference. Even though
the areal thermal loading of SF was only 80 percent of CHLW, the peak tem-
perature rise predicted on the repository midplane in the far-field models was
approximately 93°C for both waste types. The effect of convective heat transfer
by regional and thermally induced ground-water flow on the predicted far-field
temperatures was negligible.

In the following section, the thermal, hydrogeological, and mechanical prop-
erties of granite are reviewed based on an extensive literature survey, In
Section 3, the characteristics of é nuclear waste repository in granite are
discussed and reference repositories for SF, CHLW, and DHLW are defined, The
thermal response in the very-near field, near field, and far field is analyzed
in Section 4, Section 5 deals with the chemical and radiation environments
expected in nuclear waste repositories in granite. The results of this study
are summarized in Section 6,



2 MATERIAL PROPERTIES

A literature survey was conducted to determine the properties of granitic
rock and the in situ conditions in a granitic rock mass. A compilation of the
thermal, mechanical, and hydrogeological properties collected from the litera-
ture appears in Appendix A. The following sections discuss each condition or
property separately and identify the value or range of values used in this
study. Data which seemed unreliable because of test procedures or lack of
detail concerning their procurement were omitted,

2.1 ROCK MASS PROPERTIES

Granite is a hard, crystalline, silicate rock originating at great depths
and at high temperature and pressure, Granite was selected for consideration as
a possible host rock for a repository because of its occurrence in large, rela-
tively uniform masses in the earth's crust, high mechanical strength, chemical
stability, and small economic value, The granitic rock mass will serve as a
natural barrier around the canister, retarding or preventing radicactive
nuclides from reaching the biosphere via the ground water and providing strong
mechanical isolation,

Most of the data found in the literature are from laboratory tests on intact
rock. Intact rock refers to samples which do not contain the Targe structural
features of the in situ rock mass such as joints and major discontinuities.
Data from in situ rock tests may vary appreciably from data obtained from
laboratory rock tests. One example of this is Young's modulus. Tests show that
the modulus of the rock mass is always lower than the modulus determined from
intact rocx samples, Barton [1973] states that small laboratory samples (a few
centimeters) may overestimate the actual rock strength of the in situ rock, but
that this scale effect is less at a depth of several kilometers because cracks
tend to close at depth,

The importance of in situ testing can be seen from the above discussion, and
tests of this nature are recommended for the evaluation of potential repository
sites.



2.1,1 In Situ Temperature

The in situ temperature at repository depth in granitic rock depends on the
mean annual surface temperature and the rate of increase of temperature with
depth (geothermal gradient), factors which vary with geographic location. The
geothermal gradient in the Canadian Shield has been well studied [Cermak and
Jessop, 1971; Sass and Lachenbruch, 1971] and generally lies between 10 and
15°C/km, The Central Stable Region and Sierra Nevada heat flow provinces also
have geothermal gradients in this range [Roy et al, 1968]. The New England and
the Basin and Range provinces have higher gradients with approximate ranges of
16-25°C/km and 25-35°C/km, respectively [Roy et al, 1968], In this study an
intermediate gecthermal gradient of 20°C/km was assumed.

2.1.2 In Situ Stress

Measurements 1indicate that the in situ vertical stress is approximately
equal to the weight of the overburden [Herget, 1973]. The horizontal in situ
stress is frequently greater than the in situ vertical stress, probably because
unloading by erosion reduces the vertical stress without relieving the horizon-
tal stress. The relationship between the horizontal and the vertical in situ
stresses is often expressed as the coefficient of lateral earth pressure, K,,
which is defined by the following equation:

K = ?— (2"1)

where:

in situ horizontal stress

Ch

oy = in situ vertical stress.

Based on in situ stress measurements from throughout the world, Brown and Hoek
[1978) and Hast [1965] suggest that K, be expressed as a function of depth in
the following functional form:



K =%+b (2-2)

where:
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Data reported by Herget [1973] for in situ vertical and horizontal stress are
consistent with this functional form for K, [Osnes and Brandshaug, 1980].
Figure 2-1 shows the K, functions calculated by Brown and Hoek [1978] and by
Hast [1965]. The K, function derived by Osnes and Brandshaug [1980] based on
Herget's data for in situ stresses in Canadian Shield granite is also shown in
this figure and is intermediate between the minimum values of Hast and the maxi-
mum values of Brown and Hoek.

The determination of in situ stress in rock is complicated by topography and
tectonic stress, In areas with rugged terrain, measurements taken close to the
surface are affected by local topography [Ranalli and Chandler, 1975]. A report
by Hooker et al [1972] shows that additional stress due to mountainous
topography is calculated to be 11.8 percent of the stress due to the overburden.
Corrections for topographic factors are site specific, and no general correction
exists to determine the influence of topography on in .situ stress. Therefore,
in situ stress determinations are best made in areas far from the surface and
with relatively low topographical relief,

Tectonic stresses are due to either current forces in the earth's crust
(active) or tectonic events (passive) that have stored elastic strain in the
rock during a past episode of deformation [Ranalli and Chandler, 1975]. In
rocks displaying excessive folding and uplift, residual stresses can create
horizontal stresses that exceed the overburden pressure. Jaeger and Cook [1969]
present several methods of calculating tectonic stress in simple geologic
situations.

2.1.3 Discontinuities

Granites are massive rock formations characterized by primary and secondary

sstructural features. These features can exert profound influences on a body of
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rock, In this study, a general description of the rock mass structure of a
granitic rock located at depth is given,

Features of a rock mass which were developed at the time the rock originated
are called primary structures, The most fundamental primary features of an
igneous granite are texture and mineral content, Although primary features are
fundamental in identifying the origin of granitic rock masses, it is the second-
ary features which are important in the study of the rock mass properties of the
repository environment,

The major secondary structural features in a granitic rock mass are faults
and joints. Faults are fractures along which rocks have been displaced rela-
tively. Displacements along faults may be several miles or only a few inches.
Faults tend to divide granite masses into large blocks extending hundreds of
meters in depth and width [Kdrnbrdnslesdkerhet, 1978b; Brown et al, 1975].

Joints are fractures along which no relative displacement has taken place,
A joint plane may range in length from approximately a meter to several hundred
meters, Spacing between joints may be only a few centimeters to tens of meters
[Port-Keller and Gnirk, 1981]. The aperture width and frequency of joints tend
to decrease with depth in a rock mass [Brown et al, 1975]. Materials such as
clay or calcite may fill joints, depending on whether or not the joints have
undergone secondary mineralization or hydrothermal alterations,

A repository site should be selected where there is little or no influence
exerted by major faults. Jointing should be analyzed with respect to freguency
and size since joints will probably be the main pathway for water movement in
the repository rock. A host rock suitable for a repository is one in which the
joints have little interconnection with respect to the total area.

2.2 THERMAL PROPERTIES

2.2.1 Thermal Conductivity

Thermal conductivity represents the ability of rock to conduct heat,
Table 2-1 1ists values taken from the literature for granite at temperatures
from 291 to 298 K.

Quartz, one of the main constituents of granitic rock, is one of the most
highly conducting rock-forming minerals. Work by Beck and Beck [1965]
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Table 2-1, Thermal Properties of Granite(a)

Mean Value
Property Units + 1 Standard Sources
Deviation

Thermal Conductivity W/m-K 2.52 £ 0.77 | 6 sources (15 data pts.,)
Specific Heat Jd/kg-K 809,.3 + 158,0| 5 sources {11 data pts.)

Density kg/m3 2,650, + 60, | 17 sources (44 data pts.)

(a) Nominally at ambient temperature at 1,000 m depth (291 K to 298 K).

Table 2-2, Summary of Thermal Conductivities and Quartz
Content of Granite [After Beck and Beck, 1965]

Quartz Content | Thermal Conductivity

(% by Weight) (W/m-X)
40,5 - 51,2 4,14 - 4,48
29.9 - 38.5 3.72 - 4,06
17.0 - 34.7 3.18 - 3,57

15,1 - 18,0 2.76 - 3.01
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(Figure 2-2 and Table 2-2) shows that as the weight percent of quartz increases
in coarse-grained granite specimens, the thermal conductivity increases,

Data from Geller [1970] and Dmitriyev et al [1969] (Figure 2-3) show a rela-
tionship between thermal conductivity and temperature, Although thermal conduc-
tivity generally decreases with increasing temperature for a particular rock
specimen, the wide range of values for thermal conductivity at elevated tem-
peratures does not allow a direct correlation between temperature and thermal
conductivity for a typical granitic rock, For this study, three values for
thermal conductivity have been used: the mean value shown in Table 2-1 and the
mean value plus or minus one standard deviation (2.52, 3.29, and 1.75 W/m-K),

2.2.2 Specific Heat

Specific heat is a measure of a rock's capacity for absorbing thermal
energy, Table 2-1 shows the mean value and standard deviation of values from
the literature at temperatures from 291 to 298 K, For this study, the mean
value of 809.3 J/kg-K has been used,

Specific heat increases as temperature increases [Birch et al, 1942;
Dmitriyev et al, 1969; Lindroth and Krawza, 1971]. This is shown graphically in
Figure 2-4,

2.2.3 Thermal Diffusivity

Thermal diffusivity is the ratio of a rock's thermal conductivity to its
volumetric heat capacity. Thermal diffusivity can be calculated using the
following relationship:
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where:
a = thermal diffusivity (m2/s)
k = thermal conductivity (W/m-K)
Cp = specific heat (J/kg-K)

density (kg/m3).

©
n

Data reported in the literature [Geller, 1970; Dmitriyev et al, 1969] indi-
cate that the thermal diffusivity decreases with increasing temperature. In the
temperature ranges being considered in this study, this effect is not considered
important, Figure 2-5 presents this data graphically.

When the mean values from Table 2-1 are substituted into the above rela-
tionship, a value of approximately 1,17(10-0) mZ/s is obtained for the thermal
diffusivity of a generic granite. This value is within the range of values
found in the literature.

2.3 MECHANICAL PROPERTIES

The Expected Repository Environments in Granite (ERE-G) Study is currently
concerned only with the thermal aspects of the repository. Future studies will
also address the mechanical aspects. The following subsections discuss each of
the mechanical properties thought to be important for modeling and selection of
a generic granite for use as an underground radiocactive waste disposal facility.
In the tables of granitic rock properties in Appendix A, spaces left blank indi-
cate areas where no data were available. Most of the references represent data
obtained from laboratory tests on intact rock specimens., In situ testiny is
indicated in the “description" column, The data in Table 2-3 were compiled for
tests at approximately ambient temperature at 1,000 m depth (293 to 298 K) and
represent mean values and standard deviations of mechanical properties for a

typical granitic rock.
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Table 2-3. Mechanical Properties of Granite(a)

Mean Value
Property Units + 1 Standard Sources
Deviation
Modulus of Elasticity GPa 49,9 + 18,5 13 scurces (64 data pts.)
Poisson's Ratio - 0.21 + 0,08 12 sources (42 data pts.)
Unconfined Compressive MPa 213,87 + 68,68 | 17 sources (4Y data pts.)
Strength M * PLs.
Tensile Strength MPa 8.32 ¢ 3.48 7 sources (18 data pts.)
Thermal Expansion 10-6/K 7.80 & 1,36 3 sources {10 data pts,)
Density kg/m3 2,650, + 60, 17 sources {44 data pts.)

(a)  Nominally at ambient

temperature at 1,000 m depth (293 to 298 K).
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2,3,1 Density

Density is defined as mass per unit volume, Published density values for
granitic rock lie within a narrow range, Table 2-3 lists the mean, standard
deviation, and number of sources used in computing the generic density value.
For this study, the mean density value of 2650 kg/m3 has been used.

2.3.2 Young's Modulus

Young's modulus of elasticity is the ratio of the stress applied to a
material to the resulting elastic strain, Most of the values found in the
literature for Young's modulus of elasticity are based on laboratory tests of
intact rock specimens. Structural features such as faults and joints which
affect elastic properties and rock strengths on a large-scale basis are not
taken into account in the data in Table 2-3. As compressive stress increases,
discontinuities in the rock tend to close, causing the modulus to increase,

Experiments by Russian researchers [Dmitriyev et al, 1969] on granite at
elevated temperatures (273 to 773 K) show that the elastic modulus decreases
linearly with increasing temperature, This is due to a change in the individual
crystal composition of the rock and relaxation processes occurring at the
crystal interfaces, In Wingquist's investigation [1969], increasing temperature
caused the elastic modulus to decrease.

The effect that temperature has on the elastic properties of rocks has not
been studied extensively. Data for granite from two sources [Wingquist, 1969;
Dmitriyev et al, 1969] plotted in Figure 2-6 indicate a sharp reduction in
Young's modulus with increasing temperature. However, in the temperature range
considered within the repository, the effect of temperature on Young's modulus
is smalt,

2.3.3 Unconfined Compressive and Tensile Strengths

Unconfined compressive strength and tensile strength are defined as the
maximum compressive and tensile stresses, respectively, applied uniaxially that
a material can withstand without failure, Sufficient data were found in the
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literature to establish a fairly wide range of strength values. Table 2-3 lists
the values selected for a typical granitic rock, Figure 2-7 shows a slight
decrease in unconfined compressive strength when temperature is increased. Few
authors deal with the dependence of these properties on temperature. These data
are not all-inclusive, and site-specific data should be obtained prior to the

selection of a repository site,

2.3.4 Linear Thermal Expansion Coefficient

The linear thermal expansion coefficient represents the change in thermal
strain of a material per unit change in temperature, Values from the literature
[Dmitriyev et al, 1969; Geller, 1970] for the linear thermal expansion coef-
ficient of granite are shown in Table 2-3. The varjation of this coefficient
with temperature is illustrated in Figure 2-8,

2.3.5 Shear Strength

The Mohr-Coulomb failure criterion is often used to define the shear
strength of hard rock Tlike granite, either within the intact rock itself or
along structural discontinuities within the rock mass. This criterion specifies
that the shear stress which tends to cause failure along a plane is resisted by
the cohesion of the material plus a constant multiplied by the normal stress
across the plane [Jaeger and Cook, 1969]. This relationship is given by:

T = SO + Uﬂtan d) (2—4)
where:
t = shear strength

Sy = shear strength at zero normal stress (cohesion)

normal stress on the failure plane (compression assumed
positive)

e
=5
i

¢ = angle of internal friction,
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The surface of a discontinuity, either smooth or rough, continuous or
discontinuous, will affect the shear strength of the granitic mass. If the
discontinuities are filled with formation debris or ¢lay, the friction angle may
be lower than if no alteration has occurred [Acres Consulting Services Limited
et al, 1978].

Extensive literature searches in the past have revealed limited data for the
angle of internal friction for granitic rock. Work by Kulhawy [1975] represents
an extensive literature search for rock properties under triaxial test con-
ditions., Based on work by Kulhawy and others [Acres Consulting Services
Limited et al, 1978; Callahan, 1981; Swan, 1977; Office of Waste Isolation,
1978c], a range of values for the angle of internal friction is 20° to 58°, with
an estimate for generic granite of 30°,

2.,3.6 Other Mechanical Properties

The Titerature survey to determine the mechanical properties of a generic
granitic rock revealed additional properties found in varying frequency, These
properties include modulus of rigidity, compressibility, shear wave velocity,
impact toughness, Shore scleroscope hardness, longitudinal wave velocity, and
modulus of rupture. A discussion of these properties is not within the scope of
this report, but Appendix A includes their values under the "Additional
Properties" heading.

2.4 HYDROGEOLOGICAL PROPERTIES

2.4,1 Permeability and Hydraulic Conductivity

The terms ‘'"permeability" and “hydraulic <conductivity" are often used
interchangeably. Both terms refer to the ability of a rock to transmit fluid,
but permeability is an intrinsic rock property while hydraulic conductivity is
also a function of the fluid properties. Usually the hydraulic conductivity is
given for a standard fluid (water) at standard conditions (20°C). Consequently,
the two terms can be related to each other, Davis and DeWiest [1966] give this
relationship as:
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kp = <B% (2-5)
where:
kn = hydraulic conductivity {m/s)
« = permeability (m?)
p = fluid density (kg/m3)
g = gravitational acceleration (m/s?)
u = viscosity (kg/m-s).

For water at 20°C, Davis and DeWiest [1966] show the following equivalency
between hydraulic conductivity and permeability:

kp = 1.0 m/s ~ x = 1.02 x 10-7 m2 (2-6)

where:

~ means "equivalent to".

The Tliterature survey revealed few references to permeability studies con-
ducted in situ at the depths similar to repository conditions. The mining and
petroleum industries are responsible for most of the existing data.

The reader 1is referred to Appendix A where all permeability and hydraulic
conductivity values found in the 1literature are listed in tabular form., A
discussion of key references citing values for permeability of in situ granite
follows,

Actual drill hole tests by Swedish researchers [Karnbranslesdkerhet, 1978b]
in granitic rock at the Krakemala, Finnst, and Karlshamn areas show zones of
transmissive and nontransmissive rock at great depths, The nontransmissive
areas have hydraulic conductivity measurements of less than 10-9 m/s. Hydraulic
conductivity values for the transmissive rock are greater than 10-8 m/s,

Investigations were conducted by Carlsson and Qlsson [1977] on five types of
Swedish granite in order to determine the dependence of hydraulic conductivity
on depth., The actual tests were conducted at depths down to only about 250 m,
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and the data appears widely scattered., Carlsson and Olsson [1977] fit a line to
their measured data using data from Snow [1968] to derive the following equation
for the dependence of hydraulic conductivity on depth:

log (kp) = - (2.5 log{z)+ 2.5) (2-7)
where:
kh = hydraulic conductivity (m/s)
z = depth {m).

For a depth of 1,000 m, this equation gives a hydraulic conductivity of
10-10 /s,

Kdrnbrdnslesdkerhet [1978b] also reports that at depths greater than a few
hundred meters in tested granite, an increasing number of zones with very low
permeability exist, At these depths, zones of impervious rock divided by water-
bearing fracture zones are found. The nontransmissive sections show hydraulic
conductivities of less than 10-9 m/s. At depths greater than 900 m, there is
1ittle water movement between the water-bearing and impervious zones. Water age
and chemical composition support these observations,

Appendix A lists values for permeability and hydraulic conductivity. In
this study, the values assumed for permeability and hydraulic conductivity are
1,02 x 10-15 m2 and 10-8 m/s, respectively, It is also assumed that the per-
meability is isotropic, acknowledging that this is a simplification,

2.4.2 Porosity

Porosity is defined as the fraction of the total volume of a rock that con-
sists of pore spaces, When considering the hydraulic characteristics of a
granitic rock, both primary (intact rock) and secondary {(rock mass with frac-
tures) porosity may be considered. Secondary porosity is defined as the ratio
of the fracture volume to the total volume of rock and is a function of the
spacing and aperture of the fractures. In an unweathered granite, intergranular
spaces are negligible compared to fracture openings [0ffice of Waste Isolation,
1978a]. Consequently, most ground-water movement through a granite mass at
depth will be through the discontinuities in the rock mass.
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Brace and Orange [1968] note a strong correlation between electrical
resistivity and porosity. By using measured bedrock resistivities from Swedish
boreholes and the equation given by Brace and Orange [1968] for crystalline rock
with Tow porosity, Swedish researchers [Kdrnbrdnslesdkerhet, 1978b] calculated
porosity values of around 0.005 for transmissive and nontransmissive rock zones.
The relationship is:

" = -z—° (2-8)
S
where:
© = porosity
Py = resistivity of the fluid in the pores
pg = resistivity of the bedrock
m = a constant with values close to 2 for crystalline rock,

In parallel fracture zones, m = 1,

The porosity of granitic rock mass has been assumed, for the purpose of this
study, to be 0,01 percent. Values of porosity for intact granite are tabulated
in Appendix A,

2.4.3 Hydraulic Gradient

The hydraulic gradient is defined as the change in hydrostatic head per unit
of distance in a given direction [Brown et al, 1975]. 1In this study, the
topography of the land overlying the repository is assumed to be reasonably flat
so that the hydraulic gradient, which affects the movement of ground water, will
only be minimally affected by local topographical considerations. Thus, it is
assumed that 1local recharge and discharge zones are negligible and that the
ground-water system consists of a regional flow which is assumed to be horizon-
tal with a hydraulic gradient of 0.1, (1 m Hp0/km).
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2.5 BACKFILL THERMAL PROPERTIES

The annulus between the drill hole and the canister is assumed to be back-
filled with dry, crushed granite, a product of the repository mining operation.
The size distribution of the particies is based on a standard ASTM sieve analy-
sis [Portland Cement Association, 1968]. Aggregates which give a smooth
grading curve and contain neither an excess or deficiency of any one size give
the best density results [Marcuson and Bieganousky, 1977; Coates and Yu, 1969].
For this study, the aggregate was assumed to range 1in size from 0.025-cm-
diameter fines to 0.65-cm-diameter fines,

The porosity and void ratio for the crushed granite annulus were estimated
from data for typical aggregates in a natural state [Perloff and Baron, 1976].
A porosity of 31 percent is estimated for the crushed aggregate, Based on the
definition of porosity as the voids between particles, the following relation-
ship is used to calculate the void ratio of the dry, crushed granite:

v
Void ratio = V!' (2-9)
g

where:

-
il

percent of total volume occupied by voids

-
]

percent of total volume occupied by crushed granite.

For a porosity of 31 percent, the void ratio is 0.45.
The density of the backfill can be calculated from the density of the bulk
material by the relationship:

]

Phf 7 (1 - 6) Py

(1 - 0.31) 2650 5% (2-10)
m

kg
1828 —
m3

Ppf
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where:
phf = density of backfill
pp = density of bulk material (granite)
8 = porosity of backfill,

Because the mass of the dry, crushed aggregate backfill is attributed pri-
marily to the mass of the bulk material in it, the heat capacity of the backfill
is approximately equal to the heat capacity of the bulk material. Therefore,
the specific heat of the crushed granite backfiil is assumed to be the same as
the specific heat of granite (809.3 J/kg-K).

The thermal conductivity of the backfill is an important parameter for
calculating the temperature field about the canister, The size distribution of
crushed granite particles makes heat transfer calculations difficult. Estimates
of thermal conductivity based on consolidated or ordered arrays of even-sized
particles have frequently been made [Yagi and Kunii, 1957; Kunii and Smith,
1960; Woodside and Messmer, 1961]. These models take into account the combined
effects of radiation, solid conducticn, and convection and are based on a
liquid-filled medium. A review by Crane et al [1977] of theoretical correla-
tions of thermal conductivity of granular materials compares these correlations
with experimental results. Based on this review, it appears an appropriate
expression for the thermal conductivity of the backfill js the Hengst-Kaganer
equation, which 1is a combination of Kaganer's [1966] and Hengst's [1934]
expressions for the effective thermal conductivity of granular systems. The
Hengst-Kaganer equation is written as:

k K kK K
bf 2 b ul
= 5.8 (1-8) 2 n " n o -1+ (1 -7 ) (2-11)
v b v b v v
where:
Khf = thermal conductivity of granulated material

ky = thermal conductivity of voids (air, 0.0257 W/m-K)

Fe
o
"

thermal conductivity of bulk material (granite)

fav]
i

porosity.
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Using the mean value from the literature surVey for granite's conductivity
(2,52 W/m-K), the conductivity of the backfill calculated from Equation (2-11)
is 0.266 W/m-K,

Table 2-4 summarizes the thermal properties assumed for the backfill
material (dry, crushed granite) in this study.

2.6 NUCLEAR WASTE THERMAL PROPERTIES

Table 2-5 1ists the values of thermal conductivity, specific heat, and den-
sity used for spent fuel (SF), commercial high-level waste (CHLW), and defense
high-level waste (DHLW). In all cases in this report, the internal designs of
the waste packages were ignored and the canisters were treated as uniform bodies
with the properties listed in Table 2-5.
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Table 2-4., Thermal Properties of Backfill Material
(Dry, Crushed Granite)

Property Units value
Porosity % 31.0
Thermal
Conductivity W/m-K 0,266
Specific Heat J/kg-K 809.3
Density kg/m3 1,828,

Table 2-5, Thermal Properties of the Nuclear Waste

Property Units CHLW and SF| DHLW
Thermal
Conductivity | "W/mK 1.21 1.35
Specific
Heat Capacity J/kg-K 837.4 1,047,
Density kg/m3 2,995, 2,800.
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3 REFERENCE REPOSITORY IN GRANITE

3.1 SUMMARY OF PREVIOUS STUDIES

The repository design used in this report is based on a synthesis of concep-
tual and generic repository design studies which have been <carried out
throughout the world to date, The four main studies which provided useful
information concerning repositories in granitic rock were: the U.S. Department
of Energy's Generic Environmental Impact Statement [Office of Waste Isolation
1978a; 1978b; 1978c]; the International Fuel Cycle Evaluation Study [INFCE,
1979]; the Canadian studies carried out by the Atomic¢ Energy of Canada Limited
[Acres Consulting Services Ltd, et al, 1980a; 1980b]; and the studies undertaken
in Sweden by Kdrnbrdnslesdkerhet (KBS) [Saint Goubain Techniques Nouvelles,
1977; Finne and Engelbrektson, 1977]. A summary of the data from these
studies 1is presented in Table 3-1. The repository concepts being proposed by
the British [Griffin et al, 1979] were also reviewed but have not been included
in this report because they do not meet some of the requirements, such as
retrievability, which are felt to be necessary in the United States,

An inspection of Table 3-1 shows that the waste form is guite variable, as
would be expected since each country operates different types of reactors.
However, the repositories are very similar in design., They all consist of long
tunnels located on one horizontal level within the rock mass with cylindrical
waste packages emplaced into vertical boreholes in the tunnel floors, The major
difference between the designs is not in their configurations but in the amount
of heat initially contained, with the initial areal thermal loading varying from
6 to 47 W/mz. The depth of the repositories varies from 500 to 1,000 m.

3.2 REFERENCE REPOSITORY DESCRIPTION

3.2.1 Waste Package

Three types of waste are considered in this report:
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Table 3-1, Summary of Generic Repository Designs in Granite

Geis INFCE KBS AECL
USA International Sweden Canada
Canister
Type of Waste SF (PWR} HLW SF {PWR) | HLW HLW SF (HWR)} | HLM
Waste Form Bundle with Vitreous Bundie Vitreous | Vitreous Bundle Vitreous
Lead Backfill
Age (years) 10 10 10 10 10 10 10
Can Heat Load (W) | 550 1700 550 500 1140 269 269
Can Material Sch'l 30 Pipe Schfl 40S Pipe Stainless Steel Titanium N.5, N,S,
Diameter (m) 0,386 0.324 +35 0.22 0.612 0.91 0.457
Length (m} 4.9 3.0 4.9 3.0 1.8 1.5 3.03
Drill nole
Cans/Hole 1 1 1 1 1 1 1
Diameter (m) 0.61 0.51 1.0 0.62 1.0 N.A, 0.6
Depth {m) 7.62 6.10 7.9 5.0 5.0 N.A, 4,75
Steeve Material Milg Steel None Kone None N.A, None
Room
Width {m) 5.5 5.5 3.7 3.7 3,5 7.5 7.5
Height {m} 7.6 6.1 4.5 3.5 3.5 6.15 5.0
Length {m) 85-170 85-170 500 188 188
Cans Across Room 2 1 1 1 1 4 4
Spacing (m} 1.8 N.A, N.A, N.A. K.A, 1.5 1.5
Pitch (m) 1.8 3.05 3.5 3.5 4.0 2.5 1,8
Room Therma)
Loading (W/m¢) 111, 102, 42 39 81.4 57.4 95.6
Backfill Crushed Granite Sand/Bentonite 85% Sand Crushed Granite
15% Bentonite & Clay
Panel
Extraction Ratio 42% 23% 15% 15% 14% 25% 25%
Pillar Width (m) 7.6 18.3 21.3 21.3 21.5 22.5 22.5
Panel Thermal
Loading (W/m?)} 46.7 23.4 6.3 5.7 11.4 24.0 14.4
Repository
Levels 1 1 1 1 1 1 1
Depth (m) 610 610 500 500 500 1000 1000
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(1) Spent Fuel (SF). The reference SF canister contains a pressurized
water reactor (PWR) fuel bundle structurally fixed dinside a
canister with helium filling the remaining canister volume. The
canister material is carbon steel,

(2) Commercial High-Level Waste (CHLW), The reference CHLW canister
contains vitrified waste from the reprocessing of spent fuel from
1ight water nuclear power plants, The canister material is
stainless steel,

(3) Defense High-Level Waste (DHLW). The reference DHLW canister con-
tains vitrified nuclear waste which has been generated by the
nation's defense program. The waste characteristics are based on
the type of waste produced at the Savannah River Plant, Scuth
Carolina, The canister material is stainless steel,

SF and CHLW are assumed to be emplaced in the repository ten years after
removal from the reactor, and DHLW is assumed to be 15 years old at emplacement.
The waste package geometries and their iJnitial heat generation rate are
described in Table 3-2, The rate of decay of the heat generation rate is shown
in Figure 3-1 where it is seen that the rate of decay is considerably slower for
spent fuel than it is for CHLW or DHLW,

3.2.2 Repository

The reference repository consists of a long series of tunnels on one hori-
zontal Tevel at a depth of 1,000 m with the waste canisters emplaced into ver-
tical boreholes in the tunnel floors, The room layout and dimensions are
illustrated in Figure 3-2, where it is seen that the number of canisters across
a tunnel was varied in this study. The diameter of the vertical borehole is
sufficiently large to allow a 0.l-m-wide annulus between the waste canister and
the rock., This annulus is backfilled with crushed granite,

In plan view, the repository 1is square in shape with sides 1.87 km 1in
length. A square shaft pillar with no waste emplaced in it is Tlocated in the
center of the repository with sides 700 m long. The areal thermal loading is
20, 25, and 25 W/m2 for the SF, CHLW, and DHLW repositories, respectively.
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Characteristic SF CHLW DHLW
Initial Heat 700 and
Generation Rate (W)| 2°Y | ‘2,100 [ °78+°
Canister Radius {m) 0.178 0.162 0.305
Canister Length (m) 4,673 3,048 2,997
Canister “Active 3.658| 2,438 | 2.140

Length (m)
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3.3 OPERATIONAL SEQUENCE

The sequence of operations in the reference repository is as follows:
(1) The wastes are emplaced over a 20 year period;

(2) A five-year "monitoring" period follows during which the reposi-
tory is kept open so that the wastes can potentially be removed;

(3) The repository is "blast-cooled" for 100 days; and

(4) The repository is backfilled with crushed granite and decommis-
sioned.

[t is assumed that each room is filled with wastes instantaneously., The
entire repository is filled seguentially from the outermost edges in toward the
shaft pillar at a rate which corresponds to the estimated arrival rates of the
nuclear waste [Office of Waste Isolation, 1978a; 1978b; 1978c; 1978d].



39

4 THERMAL ANALYSES

A study of the long-term containment of radioactive waste requires investi-
gations of the thermal response of the repository site at three scales: the
very-near fietd (VNF), the near field (NF), and the far field (FF), The very-
near-field analysis considers the waste package, the emplacement hole, and the
rock within one-room diameter of the canister. The near-field analyses ignore
the details of the waste package by treating the waste as a rectangular source
of heat, but the rock mass in the pillar and one or two pillar widths above and
below the disposal room are included in the analyses. The far-field analysis
treats the repository as a horizontal heat-generating disk and examines the heat
transfer and ground-water flow to great distances around the repository. Each
analysis involves a different set of assumptions and modeling methods, The
following sections discuss the modeling methods and the results for each region
modeled,

4,1 VERY-NEAR-FIELD ANALYSES OF HEAT TRANSFER

4.1.1 Very-Near-Field Modeling Methods

The material properties in the reference repository are assumed to be tem-
perature independent (see Section 2.2). Therefore, superposition techniques may
be used to predict the temperature distribution produced by an array of waste
canisters emplaced in one or more rows along the repository-room length. The
superposition technique adds the contribution of single canisters to cbtain the
total thermal field. The superposition technique used to perform this analysis
has been used in very-near-field analyses reported by Ratigan and Wagner [1978]
and Ratigan [1980]. The results obtained using the superposition technigue
agree very closely with three-dimensional model results [Waldman, 1980].

The first step in the superposition technigue is to obtain the temperature
distribution about a single waste canister in an infinite medium, With the
proper choice of model dimensions and boundary conditions, the solution for a
single waste canister in an infinite medium can be obtained using a finite ele-
ment axisymmetric model, The physical situation is depicted in Figure 4-1. The



RSI DWG 001-80-80

ROOM
&

40

CANISTER

GRANITE

Figure 4-1.

ROOM
4
30m 30m
rf——.__———______/,_—————ﬂr—\______'_—_/—j
L ®
1
i
e ' o

k
Iz
?

PILLAR 32 PILLAR
a
o €
(b)

(a) Axisymmetric Model of a Waste Canister and Room in an
Infinite Granitic Rock Mass. (b) Plan View of Several
Adjacent Rooms Through Canister Midplane. Shaded Portion
Represents Unit Cell in Which Temperature Distribution is
Predicted by Superposition Technique.



41

dimensions for the canister and drill hole vary with the actual size of the con-
tainers of different waste types (see Figure 4-2).

The disposal room is actually rectangular, so the axisymmetric model
approximates the rectangular room as a cylindrical room with a volume equivalent
to a square room surrounding the waste canister, The height of the cylindrical
cell is held constant and equal to the height of the disposal room (7.0 m). The
radius of the cell is adjusted for each waste type to yield the appropriate
volume according to the following equation:

(Q) (W)
2 - 0 r :
r= n (AL} (LR-Rj (4-1)

where:

r = disposal room radius for unit cell

Qo = canister heat generation at emplacement
WR = room width
ATL = areal thermal loading
LR-r = centerline-to-centerline distance between adjacent rooms,

The second step in the superposition technique is the systematic summation
of the contributions of each canister 1in the repqsitory to obtain the tem-
perature at a specific point of interest. Of course, the magnitude of the
contribution from a single canister decreases as the distance between the
canister and the region of interest increases. Canisters located far away have
negligible effect on the temperatures in the region of interest, A plane
through the midheight of the canisters 1is generally the region of primary
interest since the highest temperatures occur in this blane. A representative
portion of this plan section is 1illustrated in Figure 4-1, The summation pro-
cess involved in superposing the effects of individual canisters is performed by
computer program SPECTROM-42, Additional details of the superposition technique
may be found in a report by Waldman [19807.

The internal details of the spent fuel canister are not modeled 1in this
study when calculating temperatures external to the canister. Instead, the
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canister is modeled as a heat generating solid with the thermal properties given
in Section 2.2. This method does not affect the accuracy of the temperature
distributions predicted on the surface of the canister and outside the canister,
However, the internal temperatures cannot be accurately predicted without
accounting for the combined heat transfer modes within the canister, The tem-
perature difference between the spent fuel cladding and the canister wall was
calculated using HYDRA-1 [McCann, 19807, a computer program which models the
combined heat transfer modes within the canister. A graph (Figure 4-3) of the
temperature difference as a function of canister wall temperature, filler
material (helium), and heat generation rate is used to determine the temperature
of the spent fuel cladding.

Only a fraction of the overall length of the waste canister actually con-
tains heat generating waste, The active length of the waste within the
canisters, along with the overall canister length, is listed in Table 3-2, The
remaining length is modeled as air. Since radiative and convective heat
transfer may be expected to be the predominant modes of heat transfer through
the air, the air is modeled as a highly conductive wmedium with essentially zero
heat capacity,

Temperatures in the very-near field were calculated for three waste types:
SF, CHLW, and DHLW, Three thermal conductivities for granite (1,75, 2.52, and
3.29 W/m-K) were used. The backfill is assumed to be crushed granite, Based on
Equation {2-11), the thermal conductivity of the backfill material in the SF
models was adjusted to correspond to each of the granite conductivities (0.24,
0.26, and 0,28 W/m-K, respectively)., The results of these models demonstrated
that the influence of these small changes in backfill conductivity was negli-
gible, so that only one backfill conductivity (0.26 W/m-K) was used in the CHLW
and DHLW models., Three canister arrangements (one row, two rows, and four rows)
were considered for certain combinations of waste types and granite thermal con-
ductivity. The areal thermal Toading (ATL) was 20 W/m2 for SF and 25 W/mZ for
CHLW and DHLW, Resuilts are presented in the form of graphs and tables of the
temperature rise at three points: the canister centerline {(cladding), canister
skin, and drill hgle edge, These points are of interest because they are loca-
tions where the repository design may be constrained because of adverse effects

of temperature.
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4,1,2 Very-Near-Field Thermal Environments in a SF Repository

Two-row and four-row layouts of SF waste canisters are compared in the SF
thermal analysis. The pitch for two rows of SF waste canisters is 1.83 m and
twice that (3,67 m) for four rows,

The VNF thermal response as a function of time for a SF repository with two
rows (Figure 4-4) and four rows (Figure 4-5) of canisters shows that maximum
temperature rises are almost identical in the two-row and four-row layouts (see
also Table 4-1) because the ATL was held constant. The room spacing was
constant, but the canister row spacing changed from 2.5 m for the two-row layout
to 1.5 m for the four-row layout. Similar results were also noted between a
one-row layout and a two-row layout in the CHLW 2,100 W canister analysis (see
Figures 4-10 and 4-11 and Table 4-4), A previous study (see Appendix E) noted
similar temperature rises between one-row and three-row layouts with canister
spacings similar to those in this analysis, Because the canister-row layout
does not make an appreciable temperature difference in the temperature distribu-
tion, only two rows of waste canisters are studied in the CHLW and the DHLW
analyses,

The temperature-rise peaks 1in SF (Figures 4-4 and 4-5) occur at approxi-
mately 15 years at the canister centerline (cladding), 20 years at the canister
skin, and 30 years at the drill hole edge.

Three backfill conductivities (0,24, 0.26, and 0.28 W/m-K) and three granite
thermal conductivities were considered in the SF analysis, Table 4-2 shows the
temperature drop across the backfill for the three values of backfill conduc-
tivity. The maximum temperature difference caused by c¢hanging the backfill con-
ductivity from 0,24 to 0,28 W/m-K is approximately 6°C at 0,1 year after
emplacement. This difference is approximately 7 percent of the temperature rise
at the canister skin of a SF waste canister at 0.1 year, This small difference
is 1inconsequential and, therefore, the median value of 0,26 W/m-K is the only
backfill conductivity value used in the CHLW and DHLW studies.

Temperature rise isotherms (Figures 4-6 and 4-7) based on a conductivity of
2.52 W/m-K show a large temperature gradient near the waste canister (see also
Table 4-3). At 1,5 m from the canister centerline, the temperature is less than
15 percent of the temperature at the canister centerline., Away from the near
vicinity of the canister, the majority of the thermal influence is from many

canisters rather than any single canister.
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Table 4-1,

Temperature Rises in VNF Region of a SF Repository (ATL = 20 W/mZ, Ambient Temperature = 20°C)

Granite Thermal

Drill Hole Edge

Canister Skin

Canister Centerline
(Cladding)

Conductivity
(W/m-K)
Temp. Rise (°C) | Time (yrs)| Temp. Rise (°C)| Time (yrs)| Temp. Rise (°C) | Time (yrs)
1.75 101 1 143 1 175 1
148 10 181 10 203 10
= 160 25 185 25 201 25
(@]
= 2,52 77 1 116 1 152 1
N 114 10 145 10 171 10
E 125 25 149 25 169 25
§ 3.29 63 1 99 1 137 1
96 10 124 10 152 10
106 25 127 25 150 25
1.75 101 1 143 1 175 1
- 148 10 181 10 203 10
> 160 25 185 25 201 25
S
B 2.52 77 1 117 1 153 1
= 115 10 146 10 172 10
= 127 25 151 25 170 25
[
5 3.29 63 1 99 1 137 1
96 10 124 10 152 10
106 25 127 25 150 25

09
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Table 4-2, Temperature Difference Across Backfill in
SF Repository With ATL = 20 W/m2
kbf = ,24 Knf = .26 Kpf = 28
(W/m-K) (W/m-K) {(W/m-K)
Time
(Years)
2 Rows 2 Rows 2 Rows
aTemp, (@) (°C) | aTemp.{2)(°C) | aTemp.{3)(°C)
0.1 37.3 41.4 43.5
0.4 36,8 40,8 42.6
0.7 36.3 40,2 42.0
1.0 35.8 39.7 41.4
4.0 32.2 35.7 37.3
7.0 29,9 33,1 34.6
10,0 28,1 31,1 32.5
25.0 21.4 23.7 24,7
35,0 18,3 20,2 21.1

(a) Temperature increase from emplacement hole wall to
canister surface.




Table 4-3, Temperature Rise as a Function of Distance From a Single Waste Canister

in a Large Granitic Mass With k = 2,52 W/m-K

Horizontal

SF
Temperature Rise (°C)

CHLW (700 W)
Temperature Rise (°C)

DHLW
Temperature Rise (°C)

Distance
1 Year 25 Years 1 Year 25 Years 1 Year 25 Years
Canister Centeriine 72.06 43,86 131,98 64,50 81.94 50.02
Canister Skin 62.30 38,03 113,75 55.87 67,31 41,24
Drill Hole Edge 22,10 14,01 36.11 18.29 25.64 16.21
0.750 m 13.39 8.79 19.31 10,15 16.73 10.86
1.500 7.94 5.54 10.46 5.86 8.89 6.15
2.585 4,55 3.50 5.60 3.51 4,73 3.65
3.168 2.81 2.90 4,26 2.86 3.60 2.96
3.750 1,03 2.45 3.33 2.40 2.81 . 2.48
6.875 0.40 1,33 1.19 1.31 1.00 1.34
10,000 0.04 0.86 0.44 0.88 0.37 0.89
20,000 0.01 0.37 0.02 0.40 0.02 0.39
30,000 0.00 0.20 0.01 0.22 0,01 0.21
45,000 0.00 0,08 0.00 0.10 0,00 0.09
60,000 0.00 0.04 0.00 0.04 0.00 0.04
80.000 0,00 0.01 0.00 0,01 0.00 0.01
100.000 0.00 0.00 0.00 0.00 0,00 0.00

25
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When the temperature rise profiles for the two-row configuration are com-
pared for the 1.75 W/m-K and 3.29 W/m-K conductivities (Figure 4-8), it is clear
that the lower conductivity causes significantly higher temperatures in the
rock, On the other hand, the two-row layout produces nearly the same tem-
perature rise as the four-row layout if the pitch is adjusted to give the same
ATL (Figure 4-9). The outside canisters in the four-row layout are about 4 per-
cent cooler than the inside canisters (Figure 4-9),

4,1.3 Very-Near-Field Thermal Environments in a CHLW Repository

The initial CHLW analysis considered 2,100 W waste canisters with an ATL of
25 W/m2, Figures 4-10 and 4-11 show the thermal response as a function of time
at the canister centerline, canister skin, and drill hole edge at the canister
midplane. Some of the data is summarized in Table 4-4., The three granite ther-
mal conductivities were 1,75, 2,52, and 3.29 W/m-K and the backfill thermal con-
ductivity was 0.26 W/m-K, Figures 4-10 and 4-11 show the temperature rises for
one row and two rows of waste canisters, respectively, while Figure 4-12 shows
the temperature rises of a single waste canister in a large granitic mass. As
with SF, the waste canister layouts (Figures 4-10 and 4-11) produce approxi-
mately the same temperature rises for a given thermal conductivity.

The temperature rises (Figures 4-10 and 4-11) range between 362°C and 456°C
at the canister skin, depending on the granite thermal conductivity. The
ambient temperature in the repository is 20°C, which would raise the canister
skin temperature to a minimum of 332°C. Since this temperature would probably
be excessive, design options which could reduce the temperature were examined.

One option for reducing the temperature rise would be to reduce the ATL by
increasing the pitch between the waste canisters. This would reduce the tem-
perature by a few degrees, but not by a large amount, The temperature rise for
an individual canister without interaction from any other canisters is 325°C at
the canister skin for the 3.29 W/m-K conductivity case (see Figure 4-12), This
js only 37°C lower than the temperature rise for the one-row and two-row
layouts, Therefore, for a canister loading of 2,100 W, most of the temperature
rise at the canister skin is caused by the individual canister and not by the
surrounding canisters, Other design options such as using a more conductive
backfill material or increasing the diameter of the CHLW canister could reduce
the temperatures in a 2,100 W canister,
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Table 4-4, Temperature Rises in the VNF Region for CHLW and DHLW Repositories
(ATL = 25 W/m2, Ambient Temperature = 20° €)

Granite Thermal Drill Hole Edge Canister Skin Canister Centerline
Conductivity
(W/m-K) Temp. Rise {°C) | Time (yrs) | Temp. Rise {°C}| Time (yrs)| Temp. Rise (°C)| Time (yrs)
= 2.52 160,06 1 391,78 1 444,54 1
. 179.15 10 348.15 0 . 386,63 10
2 § {Two-Row Layout) 165.16 25 277.3% 25 302,89 25
;: z 2.52 163.06 3 396,08 1 450,86 1
25 181,21 10 351.14 10 391.08 : 10
~ {One-Row Layout) 166,51 25 279,32 25 305,84 25
1.75 133.41 1 210,46 1 228.47 1
5 174,71 10 230.90 10 244,04 10
Ve 171.19 25 208,50 25 217.22 25
-3
[ =3E+]
S 2.52 100.63 1 178.00 1 196.10 1
=" 135,82 10 192,24 10 205,44 10
P+ 136.14 25 173,60 25 182,36 25
=5
=2 3.29 81.62 1 159.16 1 177.3¢ 1
E 113,55 10 170.09 10 183,32 10
o 115.48 25 153,02 25 161.80 %
L 1.75 128,18 1 168.60 1 180.10 1
b 190.22 10 223,33 10 232,70 10
o 202,47 25 226.73 25 233.60 25
= 3
S5 2,52 96,38 1 138.43 1 150,93 1
=~ 148.34 10 181,97 10 192.21 10
©z 161,29 25 185.94 25 193,44 25
25
w2 3,29 79,38 1 120,77 1 133,83 1
=~ 124,21 10 158,12 bEs I 168,82 10
=z 137.00 25 161.86 25 169.70 25
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Another way to reduce the canister-skin temperature is to lower the canister
thermal loading by diluting the waste in a canister, A thermal ana]ysis'was
conducted using a 700 W canister thermal loading and an ATL of 25 W/mZ. This
canister l1oading and ATL results in temperature peaks similar to DHLW and SF,
Figures 4-13 and 4-14 show the thermal response as a function of time for 700 W
CHLW canisters at the three observation points. Comparing the resuits of a two-
row layout (Figure 4-13) with the results for a single canister (Figure 4-14)
shows that with the 700 W canister, the surrounding canisters contribute a much
higher percentage of the total temperature rise, These results are similar to
the SF and DHLW analyses, but not to the CHLW 2,100 ¥ analysis.

Temperature in a CHLW waste package also peaks earlier than those in SF and
DHLW (Figure 4-13) and the temperature peaks are narrower. The canister center-
line peak temperature for CHLW occurs at approximately 5 years, the canister
skin at approximately 8 years, and the drill hole edge at approximately 17
years; compared to 15, 20, and 30 years, respectively, for SF; and 17, 20, and
27 years, respectively, for DHLW at the same observation points. The maximum
temperature rises at the three observation points again vary slightly due to the
different conductivity values,

The temperature rise contours (Figure 4-15) for a 700 W CHLW canister for a
conductivity of 2.52 W/m-X illustrate the steep temperature gradient near the
canister. Plots of temperature rise versus horizontal distance from the room
centerline (Figures 4-16 and 4-17) show that the temperature gradients are very

high in the backfill and considerably lower in the rock.

4.,1,4 Very-Near-Field Thermal Environments in a DHLW Repository

Figure 4-18 illustrates the thermal response as a function of time for three
granite conductivities and two rows of DHLW canisters, Some of the data are
also summarized in Table 4-4, The backfill conductivity is 0.26 W/m-K and the
canister midheight temperature rises shown are at the canister centerline,
canister skin, and driil hole edge, The temperature rise peaks at these obser-
vation points occur at approximately 17, 20, and 27 years, respectively, and
show the sustained temperature rise peaks that were also noted for SF.

The temperature rise contours (Figure 4-19) show the progression of the
isotherms at 1, 10, and 25 years for a conductivity of 2.52 W/m-K. The contours
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for SF (Figure 4-6) and CHLW (Figure 4-15) are similar to the DHLW contours at
one year, During the first few years, the temperature rises in the area very
close to the canister skin are influenced mainly by the initial canister thermal
loading, while the temperature rises farther away from the canister skin are
affected mainly by the initial ATL., As time progresses, the canister thermal
loading and the ATL decrease as a function of the decay characteristics of the
waste material. Comparing the three figures shows that at one year the tem-
peratures immediately around the waste canister are much higher for CHLW com-
pared to DHLW and SF. This is because of the initial canister loading of 700 W
for CHLW, compared to 575,8 W for DHLW, and 550 W for SF, DHLW and CHLW both
have an initial ATL of 25 W/mz, while SF has an initial ATL of 20 W/mz. The
figures show that at one year the temperatures farther away from the canister
Tor DHLW and CHLW are approximately the same because of the same initial ATL and
the isotherms for SF are 10°C to 20°C lower because of the lower initial ATL.

The isotherms for DHLW at one year have progressed outward slightly more
than those for CHLW as can be seen by comparing the 70°C isotherms, This is due
to the waste decay characteristics shown in'Figure 3-1, which shows that the
CHLW decays faster than the DHLW, |

The effect of waste decay becomes more apparent at 10 and 2% years. At
10 years, the CHLW canister skin 1is only 10°C higher than the DHLW canister
skin, compared to a 40°C difference at one year. This is because the CHLW is
losing power much faster than the DHLW, Even though the temperatures near the
canister are still higher for CHLW, the temperatures farther away from the
canister are higher for DHLW. Thnis 1is because the ATL for CHLW at 10 years has
decreased from 25.0 to 17.3 W/mé, while the ATL for DHLW has only decreased from
25,0 to 20,0 W/mz. At 75 years, the DHLW is hotter both near the canister skin
and farther away from the canister skin compared to CHLW because of its slower
decay characteristics.,

The SF temperatures are not higher than any of the DHLW or CHLW temperatures
during the first 25 years. However, at 25 years the SF isotherms are approxi-
mately 5°C lower than CHLW temperatures at approximately 3 m from the canister.
The SF canister loading and ATL will eventually be higher than that of CHLW and
even DHLW due to its slower decay in later years,

Figure 4-20 shows the temperature rises as a function of radial distance
from the room centerline for conductivities of 1,75 and 2,52 W/m-K, while Figure
4-21 shows the temperature rises for a granite conductivity of 3.29 W/m-K. As
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expected, the lower the thermal conductivity is, the higher the temperatures are
in and near the canister,

4.2 NEAR-FIELD ANALYSES OF HEAT TRANSFER

4,2,1 Near-Field Modeling Methods

The near-field (NF) region is defined as the rock mass which contains the
disposal room-and-pillar and extends one or two pillar widths above and below
the disposal room. This particular NF analysis considers three parameters:
waste type, thermal conductivity, and canister arrangement {Table 4-5). Both
the CHLW and DHLW analyses assumed an initial areal thermal lcading of 25 w/m2;
whereas, the SF calculations assumed an areal thermal loading of 20 w/m2. The
20 percent reduction in thermal loading for the spent fuel provides closer
agreement in total thermal energy prdduced over time since the decay of spent
fuel is more gradual than for either of the two high-level waste types.

The physical description of the two-dimensional model used in the numerical
(finite element) NF thermal analyses is shown in Figure 4-22, Only half of the
room and pillar are included in the model because the room centerline and the
pillar centerline are symmetry planes, The vertical boundaries are adiabatic,
and a time-dependent heat flux is specified along the upper and laower bound-
aries. These upper and lower boundary conditions provide approximately the same
heat removal rate as an infinitely long model, A discussion of this approxima-
tion for the upper and lower boundaries and its validity has been published pre-
viously [Wagner, 1980]. The ambient room temperature of this model was assumed
to be 20°C based on a repository depth of 1,000 meters, which corresponds to a
geothermal gradient of 20°C/km,

The NF model (Figure 4-22) consists largely of granite with other materials
designated for the disposal rcom and waste canister., The thermal properties of
the host rock (granite), backfill (crushed granite), disposal room air, and
waste canister used in the NF analysis are presented in Section 2Z, with the
exception of the thermal conductivity of the disposal room air. Discussion con-
cerning the thermal conductivity of the disposal room air is required since a
modified value was chosen., This modified value of thermal conductivity more
realistically simulates the dominant heat transfer processes (both radiation and
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Table 4-5, Parameter Matrix - NF Thermal Analysis

Thermal Conductivity

of the Host Rock Number of
Waste Type (Granite) Canister Rows
W/m-K
CHLW 2.52 1
Sk 3.29 2

DHLW 1,75
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conduction) existing in the sealed and unventilated disposal room the first 25
years after waste emplacement. Briefly, the heat transfer through the sealed
and unventilated disposal room during the initial 25 years was investigated by
considering various values of thermal conductivity in the disposal room and
radiative transfer from floor to roof, The investigation showed that after a
specific increase in thermal conductivity of the disposal room air, the magni-
tude could be greatly increased without significantly affecting the room tem-
perature, The chosen "effective" thermal conductivity of the disposal room is
approximately 2,700 times greater than thermal conductivity of air. This
somewhat arbitrary and seemingly large value of thermal conductivity provides
close agreement in the roof and floor temperatures predicted from the modeling
of one-dimensional radiative heat transfer. Further discussion of the selection
of the effective thermal conductivity in the disposal room 1is presented in
Appendix B,

The NF thermal analysis predicts the temperature distributions for 100 years
after waste canister emplacement, During the initial 25 years after emplace-
ment, the disposal room was assumed to be sealed, unventilated, and unback-
filled. Subsequently, the disposal room requires ventilation to reduce the room
temperature such that backfilling operations can commence. One hundred days of
blast cooling has been assumed as a reasonable amount of time for the disposal
room temperatures to decrease to an acceptable level, The ventilation of the
disposal room was simulated with a convective film coefficient, h, of 11,35
W/mZ-K., Tnis value represents twice the measured value in a typical underground
mine [Van Sambeek, 1979]., The increase in ventilation simulates the blast
cooling effect in the disposal room. The modeling of ventilation assumes the
rate of heat removal is constant throughout the length of the'disposal roonm
(i.,e.,, the removal of heat does not increase the temperature of the room air
which would retard the rate of heat removal). Therefore, the ventilation period
may be longer than the 100 days investigated in this study. Upon completion of
the backfilling operation with crushed granite, the disposal room was assumed
once again to be sealed, unventilated and undisturbed for the balance of the 100
years, Also, the backfill material was assumed to occupy 100 percent of the
disposal room.
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4,2.2 Near-Field Thermal Environments in a SF Repository

Figure 4-23 shows the time history of temperature rise along the room
periphery at three 1locations for the three values of the granite thermal
conductivity., The three locations along the room periphery (floor centerline,
roof centerline, and rib midheight) provide an indication of thermal behavior
within the disposal room. The temperature rises very rapidly along the room
periphery in the initial 25 years after waste emplacement, During this period,
the temperature rise along the room, rib, and floor is nearly the same (+ 2°C)
difference., After 25 years, the disposal room is ventilated for approximately
100 days. This ventilation reduces the room periphery temperature rises by at
least 70°C, so that the room periphery temperature is 5°C above ambient tem-
perature, This should provide favorable working conditions required for the
backfilling of the disposal room. Following the reduction in the room tem-
perature, the crushed granite is assumed to be placed in the disposal room.
Thereafter, the thermal response (Figure 4-23) indicates a greater variation in
room periphery temperatures than was observed in the initial 25 years after
waste emplacement, The addition of crushed-granite backfill retards the heat
transfer through the room. This response is because of the reduction of the
thermal conductivity and the elimination of radiative heat transfer within the
disposal room,

The maximum temperature rise and time of occurrence for the three conduc-
tivity values at each of the three designated room periphery locations (Figure
4-23) 1is presented in Table 4-6. The maximum temperature rise in the floor is
reached at approximately 50 years; whereas, the maximum temperature rise in the
rib and roof occur at approximately 95 years, The close agreement in the maxi-
mum temperature rise and its time of occurrence between the rib and roof loca-
tions indicates the transfer of heat through the pillar 1is considerable and
greatly influences the temperature along the rib and roof. This behavior along
the rib and roof contrasts the thermal response along the floor where the heat
transfer medium in the disposal room (crushed granite) largely influences the
predicted temperatures in the floor, Table 4-6 indicates the sensitivity of
changes in the thermal conductivity of the host rock. Again, the change in con-
ductivity influences the temperature rise along the floor (approximately 40 per-
cent) more than for either rib or roof (approximately 20 percent),
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Table 4-6. Maximum Temperature Rise Along Room Periphery (SF)

Location(a)/Conductivity Maximum Temperature Time
(W/m-K) Rise (°C) {Years)
Floor:
1.75 142 45
2,52 118 50
3.29 104 65
Rib:
1.7% 108 85
2,52 93 : 100
3.29 88 90
Roof:
1,75 97 95
2,52 86 g5
3.29 81 95

(a) Location.

ROOF
RIB
FLOOR
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Figure 4-24 illustrates temperature rise contours near the disposal room
25,0, 25,3, 30,0, and 100,0 years after waste emplacement for a conductivity of
2.52 W/m-K. The contours shown at 25.0 and 25.3 years represent the thermal
behavior immediately before and after the 100-day ventilation of the disposal
room, The ventilation greatly reduces the temperature fields within 10 meters
of the room periphery, Beyond this 20-meter region, the infiluence of the 100
days of ventilation diminishes considerably. The other two contour plots (30,0
and 100,0 years) show the dispersion of high temperature contours away from the
waste canister region, During this 70-year period, the temperatures do not
change more than 30°C anywhere in the region shown in Figure 4-24, This agrees
with the thermal response along the room periphery, where the greatest increase
in temperature is observed in the initial 25 years after waste emplacement.

4,2,3 Near-Field Thermal Environments in a CHLW Repository

The NF thermal results for CHLW at an areal thermal loading of 2% W/me are
presented in this section. Single and double rows of canisters are compared to
determine the effect of canister arrangement on the NF temperatures, Also,
three granite thermal conductivities are investigated to determine the sen-
sitivity of the thermal response to thnis parameter,

A model with a single row of canisters was used to generate the time history
of temperature rise at three distinct Jocations (Figure 4-25), The greatest
increase in temperature rise along the rocm periphery occurs in the initial
25 years after waste emplacement. The temperature rise along the roof, rib, and
floor during the initial 25 years is nearly the same, Ventilation for 100 days
reduces the room périphery temperature rises by at least 80°C. Room periphery
temperatures after bacxfilling are much more varied than those in the initial
25 years after waste emplacement,

The maximum temperature rise in the floor is reached at approximately
35 years (Table 4-7); whereas, the maximum temperature rise in the rib and roof
occur at approximately b0 and 60 years, respectively, Increasing the thermal
conductivity of granite 83 percent reduces the temperature rise along the floor
{approximately 40 percent) more than for either the rib (approximately 30 per-
cent) or roof (approximately 20 percent).

One of the parameters considered in the NF thermal analysis is the number of
canister rows in the disposal room, The influence of canister arrangements is
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Table 4-7, Maximum Temperature Rise Along Room Periphery (CHLW)

Location(a)/Conductivﬁty Maximum Temperature Time
(W/m-K) Rise (°C) (Years)
Floor:
1.75 142 35
2.52 117 35
3.29 103 35
Rib:
1.75 100 45
2.52 85 50
3.29 77 55
Roof:
1.75 85 b5
2.52 76 60
3.29 71 65

(a) Location,

r’”‘\\_Ja

ROOF

RIB
FLOOR
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determined by comparing temperatures around the room periphery for CHLW with a
thermal conductivity of 2,52 W/m-K (Table 4-8), Similar to the VNF thermal
analyses which demonstrated that canister arrangement had a minor effect on the
temperatures near a canister, the close agreement in the room temperatures
indicates the minor influence of the canister arrangement on the near-field
temperatures. Therefore, subsequent calculations of NF temperatures were con-
ducted with a single-canister arrangement,

Figure 4-26 ijllustrates temperature rise contours near the disposal room
25.0, 25,3, 30.0, and 100,0 years after CHLW waste emplacement using a thermal
conductivity of 2.52 W/m-K for the granite. The other two contours (30 and 100
years) show the dispersion of high temperature contours away from the waste
canister region. During this 70-year period, the decrease in temperature in the
floor and canister region is between 25°C and 60°C., The remaining portion of
the NF region experiences a temperature decrease of less than 20°C,

Figures 4-27 and 4-28 show temperature rise contours for a conductivity of
1,75 W/m-K and 3.29 W/m-K, respectively. The times of these two sets of con-
tours agree with those used in Figure 4-26., A comparison of temperature rise
contours in Figures 4-27 and 4-28 gives an indication of the effect of conduc-
tivity on temperatures. Tne lower value of conductivity produces higher tem-
perature rises at the four designated times. This response is reasonable since
the thermal resistance of the rock mass is inversely related to its thermal con-
ductivity. As expected, the difference in temperature rise contours between the
two extreme conductivity values 1is the greatest near the canister, but a tem-
perature difference of at least 15°C is noticed throughout the designated NF
region.

4,2,4 Near-Field Thermal Environments in a DHLW Repository

The NF thermal results for a DHLW repository with an areal thnermal lcading
of 25 W/ml are presented in this section. The two-dimensional model shown in
Figure 4-22 (but assuming a single row of waste canisters) was used exclusively
in the numerical NF thermal analysis of DHLW. A single or double row of waste
canisters provides nearly identical NF temperature distributions, The three
conductivity values are investigated to determine the importance of this para-
meter on the thermal response of DHLW in the NF region.
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Table 4-8, Temperature Rise (°C) Comparison of Single and
Double Canister Rows {CHLW, 2.52 W/m-K)
One-Row Layout Two-Row Layout
Time
{Years)
Floor Rib Roof Floor Rib Roof
1.0 25.9 23.9 23.3 25,3 23.6 23.0
5.0 56.1 54.3 53.6 55.6 54.0 53.3
15,0 84,5 83,1 B2.5 84,1 82,9 82.3
25.0 94.9 93.8 93,3 94,6 93,6 93,1
30.0 116.3 80,1 66.2 113.7 80.3 66.2
40,0 114.,4 85.0 72.2 112.4 85.1 72.3
50.0 108.4 84,6 73.7 106,7 84,7 73.8
70.0 97.4 82.0 74.8 96.3 82.0 74.8
100.0 80,0 71.2 66 .6 79.4 71.2 66.6
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Figure 4-29 shows the time history of temperature rise along the room
periphery at three locations for the three conductivity values. The temperature
distribution along the room periphery closely approximates the thermal behavior
of SF and CHLW., Ventilation before backfilling reduces the room periphery
temperature rises by at least 90°C which results in a temperature of 5°C above
ambient temperature,

The maximum temperature rise and time it occurs for the three thermal con-
ductivities of the host rock at each of the three designated room periphery
locations 1is presented in Table 4-9, The maximum temperature rise in the floor
is reached at approximately 35 years; whereas, the maximum temperature rise in
the rib and roof occur at approximately 70 and 80 years, respectively, The
change 1in the thermal conductivity influences the temperature rise along the
floor (approximately 40 percent) more than at either the rib (approximately 25
percent) or the roof (approximately 20 percent),

Figure 4-30 illustrates temperature rise contours near the disposal room
25.0, 25.3, 30.0, and 100.0 years after waste emplacement for a conductivity of
2.52 W/m-K, These contours show similar trends to those discussed for spent
fuel, The temperatures are greater for DHLW than for either SF and CHLW, The
other two contours (30.0 and 100.0 years) show the dispersion of high tem-
perature contours away from the waste canister region, During this 70-year
period, the decrease in temperature in the floor and canister region is between
20°C and 45°C. The remaining portion of the NF region experiences a temperature
change of iess than 15°C,

4.3 FAR-FIELD ANALYSES OF HEAT TRANSFER AND GROUND-WATER FLUW

A study of TJong-term radioactive waste containment necessarily requires
investigations involving the global or far-field response of the repository site
geclogy., Long-term heating provided by the isolated radiogenic material may
create irreversible processes resulting in structural damage or perturbation of
the ground-water flow system. This section examines the effects of heat
transfer and ground-water flow surrounding a spent fuel and a commercial high-
level waste repository in granite. The perturbation of regional flow fields due
to thermally induced flow is of particular interest in this study. Also, the
temperature rise in the granite surrounding the repository and the effects of
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Table 4-9, Maximum Temperature Rise Along Room Periphery (DHLW)

Location(a)/ﬁonductivity Maximum Temperature Time
(W/m-K) Rise (°C) (Years)
Floor: 4

1.75 177 35
2,52 145 35
3.29 127 40

Rib:
1.75 127 60
2.52 112 70
3.29 101 70

Roof:
1.75 113 80
2.52 100 80
3.29 93 75

(a) Location,

ROOF

RIB
FLOOR
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conVective heat transfer on the far-field temperatures are important con-
siderations, The response of the far-field region surrounding a DHLW repository
was not considered in this study because of insufficient information regarding
long-term decay characteristics and waste inventory to develop a model,

4,3,1 Modeling Methods

A generalized plan view of the underground waste repository and the
surrounding granite which was used in this study is shown in Figure 4-31. The
shaft pillar is located in an inactive area at the center of the repository.
This dinactive area also contains maintenance shops and other facilities and is
assumed to be 700 m square based on the conceptual desiygn for NWTS repository
number one [Woodward-Clyde Consultants, 1973]. The nuclear waste repository is
located 1,000 m below the surface. A vertical cross section (Section A-A) is
modeled as a two-dimensional problem with infinite extent in the direction per-
pendicular to the paper. No room-and-pillar detail is included in the far-
field model of the repository. Instead, the entire plan area of the repository
is assumed to be generating heat, The preexisting ground-water flow is assumed
to be horizontal and parailel to the plane of Section A-A,

Sequential loading of the repository was implemented to more accurately
simulate the time-dependent burial of waste for both CHLW and SF, The emplace-
ment of the waste was modeled to best approximate the arrival rates for both
waste types over a 20-year emplacement period [0ffice of Waste Isolation,
1978a]. Sequential loading causess horizontal temperature gradients across the
repository which do not occur with instantaneously loaded models, This is
important since the temperature gradient 1is a driving mechanism 1in the
thermally induced fiow,

To simulate sequential lcading, the waste canisters were grouped to form
heat-generating elements. These elements started generating heat at times which
best approximated the arrival dates of the waste. The periphery elements
started generating heat first and loading proceeded toward the center of the
repository. In 20 years, the entire repository, except for the central shaft
pillar, was loaded with heat-generating elements,

Using the models developed from Section A-A, the size of each repository was
calculated based on the areal thermal loading, carister 1vading, and number of
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canisters per repository as shown in Table 4-10. Assuming a 700-m-square inac-
tive area in the center of each repository, the total areas are 3,50 x 10® m2
and 3,27 x 109 m2, respectively, for CHLW and SF, Since these areas are
approximately the same, an 1,870-m-square repository was assumed for both waste
types.

The repository elements were 15 m high because the combined height of the
repository room and borehole is 13,7 m,

To <clarify the relationship between thermally induced flow and the
preexisting regional flow, two preexisting flow fields were medeled. In one
flow field, the ground water was initially at rest and all flow was thermally
induced, In the other flow field, a horizontal hydraulic gradient in the
granite was assumed to be approximately 0.1 percent. This gradient is equiva-
lent to a horizontal pressure gradient of 9.8 x 10-6 MPa/m. From this case, the
perturbation of a typical preexisting flow field by thermally induced flow can
be assessed. By comparing the transient flow fields predicted for the two
cases, the reduction or inhibition of convection cell formation by preexisting
regional flow can also be studied. The "sweeping away" of thermally induced
convection cells by regional flow has been reported by Ratigan [1977].

Previous far-field thermal analyses of rock masses containing nuclear waste
repositories [Callahan and Ratigan, 1978; Osnes et al, 1978; Callahan, 1981]
have considered only heat transfer by conduction. In this study, heat transfer
by forced and free convection of ground water is included. If the far-field
temperature distributions based on combined conductive-convective heat transfer
differ significantly from those predicted when convection 1is neglected, the
value of the previous far-field thermal analyses and subsequent thermomechanical
analyses are diminished.

To evaluate the consequence of neglecting convective heat transfer, a base-
line conduction analysis of the granitic stratigraphy must first be performed,.
No preexisting regional flow must occur in this model, and thermally induced
flow must be eltiminated, The "no regional flow" condition has been described
previously in this section, and it 1is specified by assuming the horizontal
hydraulic gradient is zero., Since thermally induced flow is due to the change
of fluid density with respect to temperature, thermally induced flow may be
eliminated by assuming density to be independent of temperature,

To analyze independently the convective heat transfer due to regional flow
and the convective heat transfer due to thermally induced flow, two additional
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Table 4-10, Repository Size

Type of Waste CHLW SF
Areal Thermal Loading 25 W/m2 20 W/mé
Canister Loading 2100 W/can 550 W/can
Canisters/Repository(a) 35,820 101,117
Active Area of 6 2 6 7
Repository 3.01 x 10°m 2.78 x 10°m
Total Area of £ 2 6 2
Repository 3.50 x 10° m 3.27 x 10% m

(a) Inventories based on Office of Waste Isolation [1973a].
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models are required. In one case, regional flow is included by specifying a
horizontal hydraulic of 0.1 percent and thermally induced flow is neglected by
assuming the ground-water density to be independent of temperature, Therefore,
the convective heat transfer is due solely to the forced convection of the
regional flow which remains constant throughout time and is unperturbed by
thermally induced flow., In the other case, the regional flow is eliminated by
specifying a horizontal hydraulic gradient of zero, but the ground-water density
is assumed to be a function of temperature. In this case, the convective heat
transfer is due solely to thermally induced flow,

Finally, a thermal analysis, .which includes conductive heat transfer and
convective heat transfer due to both the preexisting regional flow and any
thermally induced flow, should be performed. This analysis, based on combined
conductive-convective heat transfer, can be compared with the baseline conduc-
tion analysis to assess the validity of neglecting convective heat transfer in
far-field thermal analyses.

Table 4-11 summarizes the four flow conditions (FC-1 through FC-4) that were
analyzed for repositories containing two waste types (SF and CHLW).

The models used for the far-field heat transfer and ground-water flow analy-
ses are shown in Figure 4-32 {(a and b). These models are two-dimensional plane
models representing Section A-A for FC-1 through FC-4., They are analyzed using
finite element program SPECTROM-55 which uses eight-noded isoparametric elements
exclusively, Far-field temperature and pressure distributions were computed
throughout these models from O to 1,000 years after emplacement of both the CHLW
and SF, From these temperature and pressure distributions, the flow fields were
calculated based on Darcy's Law:

v==2. (7P -5 79 (4-2)

=

where:
v = superficial velocity of ground water (m/yr)
« = permeability of granite (m?)
w = viscosity of ground water (MPa . yr)
P = pressure (MPa)
p = ground-water density (kg/m3)

g = gravitational vector (MPa « wé/kg).
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Table 4—11. Flow Conditions

Regional Flow

Thermally
Induced Flow

FC-1
FC-2
FC-3
FC-4

No
No
Yes

Yes

No
Yes
No

Yes
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Details of the development and examples of the capabilities of SPECTROM-55 are
given in Appendix C,

In the far-field models of FC-3 and FC-4, the left, right, and lower bound-
aries are sufficiently far removed from the repository that they are beyond the
thermal influence of the repository during the modeling period. Hence, the left
and right boundaries were assumed to be insulated and the lower boundary was
assumed to be isothermal. The upper boundary of the models represents the
earth's surface and was assumed to be isothermal at 0°C, This assumption is
physically realistic because at depths greater than a few meters, the subsurface
temperature remains nearly constant from day-to-day and season-to-season., The
left boundary in the models of FC-1 and FC-2 is also assumed to be insulated
since it represents a line of symmetry and the heat transfer across this
boundary zero.

The initial temperature distribution was based on a geothermal gradient of
20°C/km (Section 2,1.,1), At the level of the repository (1,000 m below the
surface), the initial temperature was 20°C. The lower boundary of the models
(3,500 m below the surface) was assumed to be isothermal at /0°C since it is
beyond the thermal influence of the repository,

The lower boundary of the models is far enough removed from the flow region
surrounding the repository that it can be assumed to be impermeable, This
boundary is contrived for modeling purposes, and does not represent any physical
interface or boundary. Consequently, flow in the vicinity of the lower boundary
is assumed to have little effect on the overall regional flow system,

Since the upper boundary represents the earth's surface, it tan be assumed
to be impermeable if precipitation and evaporation are neglected, All the rock
below the surface is assumed to be saturated. In a physical sense, this assump-
tion presumes that the water table and the earth's surface coiacide throughout
the modeling period. Of course, the water table generally lics several meters
or tens of meters below ground level and depth varies seasonally and yearly.
However, the rock between the surface and the repository is protably part of the
primary aquifer in the region. In this instance, the water table is probably
within meters of the surface, and assuming no major pumping centers in the
region, its depth probably remains fairly constant.

For all four flow conditions, the initial pressure distribution was deter-
mined by applying appreopriate boundary conditions to the models and calculating
the steady-state pressure distributions, These boundary conditions will be
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explained for each flow condition later, The steady-state distribution would
then define the preexisting regional flow prior to waste emplacement. This
initial pressure distribution throughout the entire model is assumed to be a
function of both depth and horizontal distance along the model and is described
by the following equation:

P (xs2) = [ (olg) + 9) dz + P+ x (4-3)
where:
P = pressure {MPa)
o = density of ground water (kg/m3)
x = horizontal distance along model (m)
z = depth (m)
g = gravity (9.8 m/sZ = 9,8 x 10-6 MPa . mZ/kg)

Py = horizontal pressure gradient {(MPa/m) = constant,

Based on this equation, the initial vertical and horizontal pressure gradients
are, respectively, p « g and Py,

In the conduction baseline analysis (FC-1), there is no flow and the ground-
water density 1is assumed to be constant (p = pg = reference density of ground
water at 20°C). It then follows that the vertical pressure gradient is constant
all the time (8P/3z = py + g). Substituting this into Darcy's Law {Equation
4-2), it is apparent that the vertical velocity is zero,

In the free convection analysis (FC-2), ground-water density is assumed to
be a linear function of temperature (Section 4.3.2) and Py = 0. Equation (4-3)
becomes:

P lxsz) =P (z) = [, (plg) » 9) dg

where the ground-water density varies with depth because of the geothermal
gradient, Consequently, the pressure can be expressed as a quadratic function
of depth:
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v 2
Plz) =py g (L -BpoT)z+l p 8 g"z

where:
po = density of ground water at 20°C (1000 kg/m3)
g7 = coefficient of thermal expansion for ground water (K‘l)
Ty = reference temperature (20°C)

g" = geothermal gradient (20°C/m)

Py = atmospheric pressure at z = 0 (0.1014 MPa),

This is the steady-state pressure distribution applied to the model prior to
waste emplacement, This results in an initial pressure of 34.27 MPa at the base
of the model and 9,91 MPa at the level of the repository. After waste emplace-
ment, the pressure distribution necessarily changes because the temperature
varies,

In the case of regional flow only (FC-3), ground-water density is assumed to
be constant {p = pg) and the horizontal hydraulic gradient (Px) is nonzero,
Consequently, pressure varies linearly with depth and horizontal distance:

P (xsz) =pg e« g z+ Py x+Pg (4-5)

This 1is the initial steady-state pressure distribution applied to the model
after waste emplacement. At ground level along the left boundary, the pressure
was assumed to be atmospheric pressure (0.1014 MPa). Because regional flow was
simulated ieft-to-right, the horizontal hydraulic gradient was negative; i.e.,
-9,80665 (10“5) MPa/m. This resulted in a pressure difference of 0.0686 MPa
from the left boundary to the right boundary, For example, the pressure along
the right boundary at the surface was 0.0328 MPa. At the left boundary, the
initial pressure at the base of the model was 33.36 MPa and was 9.89 MPa at the
level of the repository. This was only slightly different than the temperature-
dependent density case (Equation 4-4). In this case, since the regional flow
was nonzero, the left and right boundaries were assumed to be isobaric to main-
tain the pressure difference, Since 3P/3z = pg « g, it is apparent that the
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vertical component of velocity is zero everywhere (Equation 4-2) and all flow is
strictly horizontal throughout time.

Finally, when considering both thermally-induced and regional flow (FC-4),
ground-water density is assumed to depend on temperature and the horizontal
hydrauiic gradient is 0,1 percent, Equation (4-3) becomes:

P (x,z) =P (z) + Px » x {4-6)

where P (z) is given by Equation (4-4)}.

Left and right boundaries are assumed isobaric in order to maintain the
regional flow. Initially the velocities are everywhere horizontal and remain
horizontal at the left and right boundaries under the assumption that these
boundaries are far enough removed from the repository that they do not
experience any temperature change,

4,3,2 Material Properties and Characterization

The intact rock in each of the models is assumed to be a continuous mass of
isotropic, homogeneous, and incompressible granite that is saturated with water,
A1l of the thermal properties of the rock are assumed to be temperature indepen-
dent, The thermal and hydrogeological properties assumed for the granite (Table
4-12) are based on vaiues for dry rock. In FC-2 and FC-4, the ground-water den-
sity and viscosity are assumed to vary with temperature, All other properties
of ground water are the properties of pore water at 20°C (Table 4-13),

These simplifying assumptions may seem quite restrictive and perhaps
unrealistic in cartain instances, but they are necessary in an analysis which
encompasses such & large volume, The primary purpose of this study is to
establish a baseline and identify potential problems or areas for further analy-
sis related tc tie hydrogeological envirconment of the far-field rock mass
surrounding a nuclzar waste repository in granite.

Where thermally induced flow was modeled, the density of the ground water
was assumed to be temperature dependent and was calculated from the following
equation:

p = pg (1 +87 (T - Ty)) (4-7)
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Table 4-12., Properties of Intact Granite

Property Units Value
Thermal Conductivity W/m-K 2.52
Specific Heat Jd/kg-X 809.24
Density kg/m3 2650,
Permeability mé 1,02 x 10-15
Porosity % 0.01
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Table 4-13. Properties of Ground Water

Property Units Value
Thermal Conductivity W/m=-X 0.6058
Specific Heat J/kg-K 4187.0
Density kg/m3 Equation (4-7)
Viscosity MPa-yr Equation (4-8)
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where:
po = reference density at 20°C (1000 kg/m3)
BT = thermal expansion coefficient (~1.8 (10-%)/°C)
Ty = reference temperature (20°C),

When thermally induced flow is neglected, the density is assumed to be indepen-
dent of temperature and the coefficient of thermal expansion, gy, is zero,

Although the compressibility of water is very small, the density variation
caused by the change of pressures encountered from the top to the bottom of the
far-field models (0.1 to 34.3 MPa) is approximately equal to the density change
caused by a temperature rise of 40°C., However, since this study is concerned
with the transient nature of thermally induced flow, the compressibility of the
ground water due to hydrostatic pressure is of little consequence. The change
in the far-field pressure distribution caused by the thermal effects of a repos-
itory is very minor. Consequently, the transient change in water density at a
given location due to compressibility is neglected.

The viscosity of water, uniike the density, is highly dependent on tem-
perature (water at 15°C 1is nearly twice as viscous as water at 50°C), and
according to Darcy's Law (Equation 4-2), velocity is inversely proportional to
viscosity. The temperature dependent viscosity used 1in this analysis 1is
expressed as [Mercer and Pinder, 1974]:

%.= 1 + 6.8091 x 1047 + 3.6897 x 10°272- 8,199ax10° T3

5.6878 x 1077

(4-8)

where:
viscosity (MPa . yr)

=
]

—
1l

temperature (°C).

Temperature-dependent viscosity and density were used in this analysis to
couple the driving mechanisms of the fluid motion (pressure and density) with
the magnitude of fluid movement (velocity).
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4,3.3 Thermal and Hydrogeological Properties of the Repository

In each of the CHLW and SF analyses, the repository was assumed to have the
same thermal and hydrogeological properties as the host granite (Table 4-12).
These properties have been discussed previously. However, the entire repository
was assumed to generate heat at a volumetric rate equal to the areal thermal
loading (ATL) divided by the height of the repository elements,

4.3.4 Far-Field Thermal Environments in a SF Repository

Temperatures along the horizontal midplane of the repository are used pri-
marily in presenting the results of the thermal analysis. It must be emphasized
that these temperatures are not realistic in the sense that they could be
measured at a specific peint within the repository, such as the floor or rib of
the room. The far-field models do not include any room, pillar, or drift detail
upon which to base such predictions so the midplane represents a coenvenient
reference plane, Midplane temperatures represent a collective average tem-
perature within the repository in the same sense that the nuclear waste was
assumed to be uniformly distributed throughout the entire repository. Finally,
the midplane temperatures indicate trends in the thermal history of the reposi-
tory as a whole without regard to local events such as excavation, ventilation,
or backfill,

4,3,4,1 Baseline Conduction Analyses of SF Far-Field

Figure 4-33 shows temperature distributions along the midplane of the SF
repository at various times, In addition to the peak temperature of 115°C (95°C
rise from the initial geothermal temperature of 20°C) at 100 years after
emplacement, it displays the steep horizontal temperature gradients occurring
within the repository along the midplane during the 20-year emplacement period,
It also shows the extent of the horizontal thermal influence along the midplane
of the repository into the surrcunding granite during the first 1,000 years
after emplacement, During the initial 100 years, the horizontal thermal
gradients are very steep adjacent to the repository. However, after 100 years,
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the repository cools, the temperatures in the surrounding granite increase, and
the temperature gradients become less severe,

The peak temperature rise found in this SF thermal analysis is 1in good
agreement with that reported previously [Osnes et al, 19781 for a far-field
thermal analysis of a SF repository in granite at a depth of 3,000 feet
(914,4 m)., Using the thermal property scaling technique discussed in that
analysis and an equivalent ATL, the peak temperature rise would be approximately
100°C and would occur at about 80 years after emplacement. Accounting for the
variance in decay characteristics of the SF in these two studies, the peak
temperature rise of 95°C occurring at about 100 years reported here seems very
acceptable,

This peak temperature rise and corresponding time 1is also in good agreement
with an average of the maximum temperature rises and corresponding times at the
fioor, rib, and roof of the room predicted in the NF analyses (Table 4-6),

The vertical thermal influence is very similar to the horizontal thermal
influence as shown in Figure 4-34. At 1,000 years after emplacement the tem-
perature at the centerline of the SF repository is about 94°C., Temperature rise
contours show clearly the extent of the thermal influence of the repository.
Figure 4-35 through 4-38 show the temperature rise at 50, 100, 1,000, and 10,000
years after emplacement, For times before 1,000 years, the isotherms remain
symmetric about the repository as the heat is flowing uniformly away from the
repository and there is no boundary interference of the model. At 1,000 years
after emplacement, the 1°C rise. isotherm 1is about 450 m to the right of the
repository edge and about 750 m above and below the repository midplane. At
10,000 years after emplacement, the isotherma) surface causes the temperature
rises above the repository to be lower than those at similar locations below the
repository.

The transient thermal response at various points in the far-field region is
shown 1in Figure 4-39, At the repository midpoint (point A}, there is a rapid
increase in temperature after waste emplacement at tnhis location (19 years) and
a relatively slow decrease in temperature after 100 years, The temperature at
points 400 m above and below the repositery is not perturbed until approximately
200 years after emplacement and these points reach a peak temperature at about
9,000 years.
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4,3.4,2 Combined Conduction-Convection Analyses of SF Far-Field

The effect of convective heat transfer on the thermal response of the far-
field region surrounding a SF repository was minimal., Table 4-14 shows a com-
parison of temperatures at several points in the far-field for both the baseline
conduction model and a combined conduction-convection model considering both
regional and thermally induced flow. All temperatures based on the latter
model are within 1°C of the conduction temperatures during the first 1,000 years
after emplacement, Also, the left-to-right regional flow introduces very little
asymmetry in the far-field temperatures, as indicated by points B and C. These
comparisons show that convective heat transfer is negligible as far as tem-
perature predictions in the far-field are concerned.

4,3.5 Far-Field Thermal Environments in a CHLW Repository

As in the case of SF, midplane temperatures are primarily used in presenting
the CHLW thermal results. Also, a direct comparison can be made between the SF
and CHLW results since both analyses used the same repository size and the same

finite element mesh,

4,3.5.1 Baseline Conduction Model of CHLW Far-Field

Because of the relatively rapid decay of the CHLW, the peak temperatures
occur at an early time and the bulx of the granite is not perturbed thermally by
the heat-generating repository. Seguential lcadinyg created both severe horizon-
tal thermal gradients and high rates of temperature change in early time, pro-
viding the potential for thermally induced fiow,

The peak temperature rise occurred at the midplane of the repository almost
uniformly along its length, This temperature rise was found to be approximately
93°C and occurred at about 50 years after emplacement. This is in good agree-
ment with an average of the floor, rib, and roof maximum temperature rises and
corresponding times predicted in the NF analyses (Table 4-7)., Figure 4-40 shows
the transient thermal response at the midpoint of a CHLW repository and at the

repository's periphery (the thermal response of the same points in a SF
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Table 4-14, Comparison of Temperatures Predicted by Four Flow
Conditions at Various Times and Locations -- SF

b s
o
D
1 ; :
e TA o5
! O
] :
o 935m | 935 m <
O
< 1
£
Temperature (°C)
. Time
Location (Years) o o
FC-1 FC-2 FC-3 FC-4
19 19.73 19.73
A 100 113,52 113,96
1,000 94,26 94,76
19 49,55 49.56
B 100 63.60 63.83
1,000 56,53 56.86
19 49.55 49.55
C 100 63,66 63,77
1,000 56.53 56.70
19 12.00 12.00
D 100 12,02 12.02
1,000 24.07 24.18
19 28.00 28.00
E 100 28,02 28.02
1,000 38.82 38.91

(a) Analysis not performed.
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repository is also shown in this figure), Figure 4-41 shows temperatures along
the midplane of a CHLW repository at various times. As can be seen in these
figures, the peak temperature 1is about 113°C (93°C rise from the initial
geothermal temperature of 20°C) and occurs at 50 years along almost the entire
length of the repository., Figure 4-41 also shows the sequential-loading effect
on the horizontal temperature gradients within the repository during the
emplacement period (0-19 years). During this time, these gradients are very
severe, creating the potential for thermally induced perturbations to the
regional ground water. At later times, the horizontal temperature gradients
within the repository decrease until the entire length of the repository is
neated nearly uniformly after 100 years. Consequently, the effects of sequen-
tial loading are most pronounced during the first 100 years after emplacement,
This conclusion was aiso reached in a previous far-field thermal analysis [Osnes
et al, 19781 which showed that the far-field thermal response is nearly the
same for both instantaneously and sequentially loaded models after the first
100 years,

The vertical temperature yradients are also very high surrounding the repos-
itory in early time, Figure 4-42 shows the temperatures along the vertical cen-
teriine of the far-field model of a CHLW repository. At 50 years (when peak
temperatures occur within the repository), very little of the granite above and
below the repository is affected thermally. The steep gradients again provide
the mechanism for perturbed ground-water flow., Even at 1,000 years most of the
rock mass remains at its initial geothermal temperature., However, at this time,
the vertical gradients are much lass severe since the repository temperatures
are decreasing while the surrounding granite is still slowly heating up.

Temperature rise isotherms for the conduction baseline model are contained
in Figures 4-43 through 4-46, Tnhe steep temperature gradients surroundiag the
repository are observed during the early time, The isotherms are distributed
essentially symmetrically around the repository, as the heat is being trans-
ferred uniformly through the granite. As can be seen, there is5 no boundary
interference through the first 1,000 years, During this time all of the
isotherms are sufficiently contained within the model, indicating that the
boundaries are far encugh removed from the repository during the first 1,000
years after emplacement, At 1,000 years, the edge of the repository is cooler
than the center since the peripheral waste is 20 years older than the central
waste and, consequently, generating less heat. At 10,000 years, the earth's
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Figure 4-45. Temperature Rise Isotherms (°C) Surrounding a CHLW Repository
in Granite at 1,000 Years.
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Figure 4-46. Temperature Rise Isotherms (°C) Surrounding a CHLW Repository
in Granite at 10,000 Years.
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surface influences the heat transfer near the top of the model, However, the
1°C rise isotherm does not intersect the right and lower boundaries and most of
the granite is unaffected thermally, even after 10,000 years,

The transient thermal response at various points in the far-field region is
shown in Figure 4-47, The repository midpoint (point A) undergoes a 93°C tem-
perature rise during the first 30 years., Then the rapid decay of the CHLW
causes the temperature to decrease at a relatively rapid rate until the midpoint
is within 3°C of the initial repository horizon temperature {20°C) at 50,000
years, The temperature at peints 400 m above and below the repository is not
perturbed until approximately 200 years after emplacement and these points reach
a peak temperature at about 3,000 years.

A comparison of the results of the baseline conduction models of a SF and a
CHLW repository shows that the temperatures throughout the far-field region peak
at later times and decrease at a slower rate in the SF model, This difference
is particularly visible in the temperature rise isotherms shown in Figures 4-35
through 4-38 for SF and Figures 4-43 through 4-46 for CHLW, The temperatures in
a larger volume of the surrounding host granite are perturbed by 1°C or more in
the SF far-field model. Not only 1is the extent of the temperature rise
isotherms significantly larger for SF, bhut the magnitude of the isotherms is
also greater, The higher concentration of Teony-tived isotopes in SF, which
results in a slower decay rate, is responsible for tnese differences.

Figure 4-40 shows that the transient thermal response near the repository is
similar for both SF and CHLW during the first 100 years. The maximum tem-
perature rise in both repositories is approximately 95°C, However, the ATL of
the SF repository is only 80 percent of the ATL of the CHLW repository (20 W/me
for SF, 25 W/m¢ for CHLW). A similar result was reported in a previous far-
field thermal study [Osnes et al, 19737. In that study, it was found that the
peak temperatures near a CHLW repository were approximately 7% percent of the
temperatures near a SF repository for any of the ATLs, repository depths, and
rock types (inciuding granite) considered in the study. Since the thermal prop-
erties used in the far-field models in that study were temperature independent,
the models were linear and the temperatures predicted were proportional to ATL,
Consequently, that study indicates that an ATL for a SF repository of 75 percent
of the ATL for a CHLW repository would result 1in approximately the same peak
temperatures near both repositories,
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4,3,5,2 Combined Conduction-Convection Analyses of CHLW Far-Field

Comparison of the temperatures predicted by the four flow conditions is
given in Table 4-15 at five locations in the model. All analyses which included
convective heat transfer (FC-2 through FC-4) showed no significant deviation
from the conduction temperatures discussed previously. All temperatures, which
were based on models that included convection, were within (.8°C of the
conduction-based temperatures at all times; thus, demonstrating that convective
heat transfer is negligible as far as temperature predictions in the far-field
region are concerned,
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Table 4-15., Comparison of Temperatures Predicted by Four Flow

Conditions at Various Times and Locations -- CHLW
| |
o
¢ ' :
ot oA o8 -
I
oF ET
| (o
el 3
o 935m | 935m |
c
< ]
¢
Temperature (°C)
. Time
Location (Years)
FC-1 FC-2 FC-3 FC-4
19 19.67 19,67 19,67 19,67
A 100 100,194 100,79 | 100,40 | 100,79
1,000 50.02 50.76 50.50 50.76
19 53.83 53,93 53.94 53.94
B 100 6,15 56,31 56.22 56,34
1,000 25,08 35.18 35.10 35,21
19 53,93 53,93 53.92 53,92
C 100 56,15 56.31 56.17 56.28
1,000 . 35.08 35,18 35,03 35.15
19 12,01 12,01 12,01 12,01
D 100 12.02 12,02 12,02 12.02
1,000 19,21 19,27 19,15 19,27
19 28.01] 28.01] 28.01| 28.01
E 100 28,02 28,02 28,02 28,02
1,000 34,56 34,59 34,51 34,59
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5 CHEMICAL AND RADIATION ENVIRONMENTS
5.1 CHEMICAL COMPOSITION OF GRANITE

The average chemical composition of granitic rock was obtained from the
literature [0ffice of Waste Isolation, 1978b; Travis, 19551 and general geo-
logic knowledge, Table 5-1 1ists the average chemical composition for a typical
granite. This is a site-specific property, and Table 5-1 should be used only as

a reference guide.
5.2 GROUND-WATER COMPOSITION

Water contained in bedrock pores at great depth is "very old water" [Uffice
of Waste Isolation, 1973d], which has been in contact with the minerals in the
bedrock for a geologically long time period, The ground water will be in chemi-
cal equilibrium with the existing minerals, comprising a relatively stable and
constant ground-water composition, Therefore, the chemical composition of
grouhd water in the repository rock depends on the composition of the specific
granite,

The chemical composition of the ground water within the granite repository
is important in determining the stability of the canister and the leach rates of
waste products if the canister is breached, Determining the composition of
ground water from great depths in a crystalline rock such as granite is dif-
ficult since it is not easy to obtain uncontaminated specimens for analysis.
The literature contains few chemical analyses of ground water at the depth of
1,000 m, Cstimates of ground-water composition in this study are based on the
generic granite composition in Table 5-1 [Uffice of Waste Isolation, 1978b;
Travis, 1955] and Swedish reports [Korrosionsinstituet, 1977,
Karnbrdnsiesdkerhet, 197/8a; 1973b] which deal with the composition of ground
water at depths up to 450 m, Table 5-2 1ists major and wminor constituents
expected to be found in the ground water of an unweathered, intact granite
1,000 m below the earth's surface., Natural environments contain many chemical
constituents which may vary over wide ranges. Certain constituents in a rock

mass may exist in either a reduced or oxidized state, The oxidation-reduction
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Table 5-1, Average Chemical Composition of a Generic Granite

Weight

Component Percent

5102
A1203
Feo04
Fel
Mg0
Ca0
Nao0
K20
Ho0
Ti09
P205
MnQ

— ~d

OO OOPWF O B
.

. &
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Table 5-2, Ground-Water Composition of a Seneric Granite

Component ?;33?)
Calt 20 - 60
Nat 10 - 100
Mg2+ 5 - 30
Felt 0.5 - 15
Fetot 1 - 20
K+ 1 -5
inlt 0.1 - 0.5
HC5- 60 ~ 400
Cl- 5 - 100
5042~ 1 - 40
NUg; 0.1 - 2
P04 3- 0.01 - 0.6
F- 0.5 - 3
HS- <0.,1 - 5
Oy 0 - 25
S105 5 - 40
NHg 0.1 - 0.4
N0y <0,01 - 0.1
0o <0,01 - 0,07
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or redox potential (Eh) has a marked effect upon the chemical reactivity, com-
position, and organic content of a natural environment.

In situ values of Eh and pH for deep ground water in granite are almost
nonexistent in the literature, Estimates must be based on values for ground
water in soils and known chemical reactions. Baas Becking et al [1960] use the
Eh-pH diagram to illustrate mineral stability in natural environments., Research
by Baas Becking et al [1960], which includes published data by Zyka [1958],
shows the pH of connate waters ranges from approximately 5 to 8 and the Eh
ranges from -0.30 V to +0.10 V. Garrels and Christ [1965] report pH and Eh
values of 6,7 to 8.5 and -0.23 V to +0.12 V, respectively, for naturally
occurring ground water, Analyses of the deepest ground water are provided by
Korrosionsinstituet [1977] and Kérnbrdanslesdkerhet [1978a; 1978b]). Ground water
from 500 m deep in Stripa granite have Eh values ranging between -0.21 V and
-0,14 V., The observation that the pH and Eh values of deep ground waters are
bracketed by connate and near-surface ground water suggests that the pH and Eh
of deeper ground waters are likely to be within the range of granite far below
the surface level. However, to assess accurately the chemistry of deep ground
water, laboratory analyses must be conducted on water from the specific reposi-
tory site,

5.3 CORROSION

The canister material that will come into contact with the granite backfill
is 304 stainless steel., The presence of water within the repository may lead to
the eventual corrosion of the canister wall, Chloride content is one of the
main factors determining whether or not water will corrode stainless steel
CShrier, 1976]. Other significant factors include the oxygen content of the
water, the hydrogen-ion concentration {pH), and the redox potential (Eh), The
water hardness, temperature, velocity, and presence of other cations and anions
can also be important,

The amount of water reaching the canister surface will depend on the per-
meability of the granite surrounding the canister, High permeability, allowing
more water to reach the canister, causes an increase in the rate of corrosion.

Redox reactions idnvolve the exchange of electrons or the migration of
electronic charge which can be measured in volts. The negative electrode
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potential measured in granite at depth indicates a reducing system [Zobelle,
1946]. The redox potential is dependent on the pH or hydrogen-ion concentration
of the chemical reaction, As pH values increase, oxidation-reduction systems
generally become more reducing,

According to Garrels and Christ {1965], confined waters entrapped in rock
pores rapidly lose their oxygen content. Organic-free water entrapped in gran-
ite pore spaces reacts with silicates such as biotite and chlorite, containing
ferrous iron or with sulfides such as pyrite and phyrrotite., The most important
reducing agents in granite are the iron compounds within the silicate structure
[Kdrnbrdnslesdkerhet, 1978b]. The general redox reaction for this mechanism is:

2 Fel + Hp0==Fep03 + 2H* + 2e- (5-1)

At depth, this environment is reducing and alkaline, because hydrolysis of the
silicates causes an increase in the pH [Garrels and Christ, 1965].

The stainless steel canister chosen for this study, a chromium-nickel alloy,
has a high resistance to many corrosive environments. Chromium (18-20 percent)
is chemically inert in an oxygenated environment, However, to minimize corro-
sion effects, the granitic bedrock ultimately chosen for a repository should
have low permeability and chloride concentration, a negative Eh vaiue, and a pH
range of 6,7 to 8,5,

Temperatures no greater than 250°C are expected at the canister skin., This
temperature is not high encugh to accelerate intergranular corrosion and stress-
corrosion cracking significantly [Butler and Ison, 1966].

Living organic matter can produce changes in the composition of water,
Actions including carbon dioxidefoxygen exchange, consumption of oxygen, produc-
tion of sulphides, or production of corrosive amino acids may occur, if living
organisms are present, in water, The possibility of organic matter existing at
the depth considered is negligible, If organisms are introduced during the
construction or filling stages of the repository, the environment would not per-
mit them to persist. Therefore, organic chemical corrosion does not seem to be

a significant problem,
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5.4 RADIATION ENVIRONMENTS

Figures 5-1, b-2, and 5-3 show the absorbed gamma dose rate as a function of
distance from the centerline of the canister for CHLW, SF, and DHLW, respec-
tively. The data for these figures was calculated by Science Applications,
Inc., and copies of the letters containing this data are in Appendix D. Total
absorbed doses for CHLW and SF were found by integrating the dose rates at a
reference distance of 20.74 cm and at the emplacement hole wall, Because the
gamma ray spectrum changes with time, approximate reduction factors were used to
convert the dose rates in Figures 5-2 and 5-3 to longer decay times. This
extrapolation beyond 100 years 1is a conservative estimate, and the actual
absorbed dose would be less than calculated,

Figure 5-4 shows the total absorbed dose as a function of time found by
integrating the dose rates through 10,000 years after emplacement. The total
dose absorbed at the reference distance of 20.74 cm through 10,000 years is 7.2
and 0,91 gigarads for the CHLW and the SF canisters, respectively. At the
emplacement hole wall, the granite absorbs 3,7 and 0,35 gigarads of gamma
radiation through 10,000 years for the CHLW and the SF canisters, respectively.

Although the total absorbed dose is not shown for the DHLW canister, it
would be much lower than either the CHLW or the SF canisters because of the more
rapid decay and the lower radionuclide concentration of the DHLW,

Note that the radiation environments for CHLW and DHLW are based on 1 kW and
310 W canister thermal loadings, respectively. For reprocessed wastes like CHLW
and DHLW, different canister thermal loadings can be obtained simply by diluting
the waste with additional bulking material {glass). Since the canister geometry
does not change in this process, the self-shielding provided by the canister and
its contents does not change significantly. Consequently, the dose rates are
nearly proportional to the canister thermal loadings for CHLW and DHLW as long
as the isotopic composition of the waste does not change.
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6 SUMMARY

This report describes the thermal, hydrogeological, geochemical, and
radiation environments expected in and around a repository in granitic rock. It
will be used by the Reference Repository Conditions - Interface Working Group to
develop standardized repository conditions for the CWRM Program¥*.

Thermal, mechanical, and hydrogeological properties are defined for a
granitic rock, both for intact rock and for discontinuities such as Jjoints and
fractures. In addition, expected temperature gradients and in situ stress con-
ditions are described.

The baseline repository consists of a series of tunnels on one horizontal
level at a depth of 1,000 m with cylindrical waste containers emplaced into ver-
tical drill holes in the tunnel floors, 1In plan view, the repository is square
with a square shaft pillar located in the center, Three types of nuclear waste
are considered: unreprocessed spent fuel (SF), commercial high-level waste
(CHLW), and defense high-level waste {DHLW} with areal thermal loadings of 20,
25, and 25 W/mZ, respectively. The operational sequence consists of a 20-year
waste emplacement period, a 5-year monitoring period, and 100 days of blast-
cooling followed by backfilling and decommissioning of‘the repository.

Numerical analyses were performed on three scales {the very-near field, near
field, and far field) to determine thermal environments. Two parameters, ther-
mal conductivity of granite and number of rows of waste cans across a room, were
varied and calculations wera performed for each of the three waste types. In
the very-near field, the DHLW and SF produced similar results with the number of
rows of cans having a minimal effect, For example, the maximum temperature
rises predicted for the canister skin occurs at about 20 years after emplacement
and is about 180°C for a granite thermal conductivity of 2,52 W/m-K., CHLW, with
an initial canister heat load of 2,100 W, yielded maximum temperature rises of
about 400°C which was considered to be unacceptable, An initial CHLW heat load
of 700 W was then examined and found to yield similar thermal results to the SF
and DHLW,

The near-field calculations also resulted in comparable results for the
three waste types with maximum floor centeriine temperature increases ranging
from 117°C to 145°C for a granite thermal conductivity of 2,52 W/m-K, The peak
floor temperatures occurred at 35, 35, and 50 years for CHLW, DHLW, and SF,
respettive]y.

*Formerly the National Waste Terminal Storage (NWTS) program.
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The far-field analyses incorporate sequential loading of the repository and
have been performed only for SF and CHLW, The CHLW yielded a maximum repository
temperature rise of about 93°C at 50 years. The spent fuel yielded a similar
temperature rise, but the peak temperature occurred somewhat later at 100 years.
A significant difference between the two waste types is that the temperatures in
a SF repository stay relatively high for a considerable period of time
{thousands of years); whereas, the CHLW repository temperatures decay fairly
rapidly (hundreds of years). Thus, the rock mass, including any ground water
above the SF repository, is heated significantly for an appreciable time,

Analyses of regional and thermally-induced ground-water flow indicated that
the perturbations to the temperatures calculated, assuming conductive heat
transfer alone, would be insignificant.

The chemistry of typical granite and ground water are presented, as are
calculations of the expected radiation fields near the waste containers.

Future studies of the expected repository environments in granite will deal
with mechanical effects, including analyses of the stress perturbations caused
by the construction of the repository and by the heat emitted by the nuclear
wastes, Displacements will be calculated, and zones where potential for failure
exist will be identified,
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APPENDIX A

A.1 INTRODUCTION

The values that appear in Appendix A are the result of an extensive litera-
ture survey to establish the thermal/hydrecgeological, mechanical, and in situ
properties of a generic granite rock, Included in the tables are rocks not
strictly classified as granite by R. B. Travis ("Classification of Rocks,"
Quarterly Colorado School of Mines, Vol. 50, No. 1, 1955), but which display
properties similar to those of granite and should be included with the granitic
data.,

Where possible, the name, Tlocation, and description of the specimen is
included, Most of the data represents intact rock tested in a laboratory. In

situ testing is designated in the description column. Biank spaces appear where
properties were not available.

Except where conversions were made for unit conformity, the data is reported
as found in the original reference. Table A-1 1ists the nomenclature and units
used in Appendix A.
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Table A-1, Nomenclature
Property Symbol Units
Thermal Conductivity k W/m-K
Specific Heat Cp J/kg-K
Thermal Expansion oy 10-6/K
Hydraulic Conductivity Kh m/s
Permeability K cmé
Porosity ) %
Thermal Diffusivity o cm?/s
Temperature T K
Density o g/cm3
Young's Modulus E GPa
of Elasticity
Poisson's Ratig v -
Unconfined Compressive Co MPa
Strength
Tensile Strength To MPa
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A.2 THERMAL/HYDROGEOLOGICAL PROPERTIES



ROCK TYPE: GRANITE

THERMAL/HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

) . u ) ] ] . . No. HOLSTURE SAMPLE | SATURATION
NAME; DESCRIPTION: LOCATION Pl et ) » TESTS CONTENS ST () NOTES | REF.
(W/m-K) KIAg-KN(10™"/KY (m/s) { {em®) | (%) Hem®/s)| (k) SHAPE (%) (cm) MEDIUM
Albite Granite
Medium grained 1009. 04 298 7
Canada
5.0 373 P 7
9.3 473 p 7
11.5 573 P 7
Alpine Grani tes 2.2 | 753.64 1.06 |.0111 | 203 8 27
Central Alps, Europe : * . .
2.0 46.2
parre Sranite 1.4 293 0.24 ¢ 1
, YL 11.43 Water
6 2.0
0.24 293 0.0 W 5
v 10.795
1 2.0
0.24 293 X 5
evL 10.795
960 2.0
0.24 293 0.0 bb 5
oL 10.795
2.72 | 904.40] 7.20 298 p 15

991



ROCK TYPE: GRANITE

THERMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

L c . v . o . T No. MOISTURE SAMPLE | SATURATION
TEST :
NAME; DESCRIPTION; LOCATION P . h ) ) ESTS CONTENT e (%) NOTES | REF.
(W/m-K) [0/kg-R}|(1077/KN (m/s) | (em®) | (%) [em™/s)}| (K) SHAPE (%) (cm) MEDIUM
Granite
Medium grained 992.29 298 7
Canada
2.18 [996.48 [ 7.00 .0084 | 373 P 7
2.04 10.30 .0079 | 473 P 7
1.95 13.50 .0075 | 573 P 7
2.50 7.50 .0096 | 373 P 7
2.26 10. 30 .0086 | 473 P 7
2.06 573 P 7
12.70 L0079 | 472 p 7
conf,
Casco Granite 3.06 298 0.0 press. 23
5.0 MPa
conf.
.1 298 0.0 press. 23
10.0 MPa

LST



ROCK TYPE: GRANITE

THERMAL/HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

« - o ‘ . . . : No. — SAMPLE | SATURATION
NAME; DESCRIPTION; LOCATION P el ) ) TESTS CONTENS el (%) noTes | ReF.
(W/m-K) [{3/kg-KJA07°/K] (m/s) | (em®) | (%) J(em®/s)| (k) SHAPE (%) (cm) MEDIUM
Conf./
. .16 1.28 Pore Preg
Westerly Granite (10_14) 298 40/15 25
) cYL 1.61 Argon MPa
Conf./
5! 15 301 1.28 Pore Preg 25
(107°7) 60/10
CYL 1.61 Argon MPa
Effective
.69 1.28 Pres
(10-15) 295 50 25
CYL 1.61 Argon MPa
Conf./
-28 1.28 Pore Preg
(10713 295 100/11 25
CYL 1.61 Argon MPa
' Conf./
43 1.28 Pore Pref
(1015 298 115/15 25
cyL 1.61 Argon MPa
Conf./
-30 1.28 Pore Pre
(10715) 295 115/15 25
CcyL 1.61 Argon MPa
Conf./
-16 14 298 1.28 Pore Pred 25
(1071%) ovL 1.61 Water Soral
Conf./
-23 1.28 Pore Pres
(10714 282 52/40 25
) CYL 1.61 Water Wa
Conf./
-13 18 282 1.28 Pore Preg 25
(10°7) cvL 1.61 Water | 40/17.5
Conf./
.72 1.28 Pore Pres
(10-15) 298 89.5/36. 5 25
CYL 1.61 Water MPa

841



ROCK TYPE: GRANITE

THERMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K . N K N o . T No. MOISTURE SAMPLE SATURATION
) “p T h ) TESTS L:D (%) NOTES REF.
NAME; DESCRIPTION; LOCATION (N (3/kaK o6 2, . 2 CONTENT LENGTH
/m-K) [(9/kg-KIA0™7/K)| (m/s) | (em®) § (%) fem®/s)|  (K) SHAPE (%) (cm) MEDIUM
Stripa Granite L0775 588 P 7
Unaweep Granite 1.0
Coarse grain .50 298 0.0 F 16
Grand Junction, CO CcyL 5.3975
1.0
.60 298 0.0 F 16
cyL 5.3975
Unaweep Granite
Coarse grain, || to bedding .60 298 16
Colorado
Wausau Granite 6.60 298 P 26
25.80 673 P 26
Westerly Granite . 106 293 0.0 21
.11 293 21
Conf./
-26 1.28 Pore Pres
10-14) 298 25715 25
CYL 1.61 Argon MPa
Cont.7
-15 1.28 Pore Pres)
[10-14) 301 25/5 25
CYL 1.61 Argon MPa

641



ROCK TYPE: GRANITE

THERMAL/HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K C o K " 0 o T No. ) - SAMPLE SATURATION
NAME; DESCRIPTION; LOCATION b BN ) ) el CONTENT e Ll NOTES | REF.
(W/m-K) J(3/kg-K107" /KN (m/s) | {em®) [ (%) Hem®/s)E (K) SHAPE (%) (cm) MED] UM
Shartashskoye Granite
Medium grained 0.95 868.411 9.00 0.56 | .0041 423 P 19
USSR
0.91 938.69f 9.50 0.56 | .0036 473 p 19
0.89 965.24| 10.00 0.56 .0034 523 P 19
0.88 982.43| 13.00 0.56 ,0033 573 P 19
0.87 [1002.73} 15.00 0.56 | .0033 623 p 19
0.87 |1054.27] 17.50 0.56 | .0031 673 p 19
0.87 [1080.82} 18.90 0.56 } .0033 723 P 19
: 50 Water
Smaland Granite 4
Ylen Region, Sweden (10'6) 298 P,aa 30
: 60
Smaland Granite .
Stenjon Region, Sweden (10'6) 298 P,aa 30
Stripa Granite 22,50 298 P 3

091



ROCK TYPE: GRANITE THERMAL /HYDROGEOLOGICAL PROPERTIES TEST CONDITIONS
No. SAMPLE SATURATION
k C a k 3 0 a T
TEST MOISTURE .
NAME; DESCRIPTION; LOCATION P . n ) » Bk CONTENT e (&) NOTES
(W/m-K) §3/kg-KE107°/Kf (m/s) | {em®) | (%) Hem/s)] (k) SHAPE (x) (cm) MEDIUM
Shartashskoye Granite
Fine Grained 0.86 869.97{ 9.90 0.0 .0037 423 p 19
USSR
.81 940.25! 10.50 G.0 .0032 473 P 19
.79 1280.75( 11.50 0.0 .0031 523 P 19
.78 980.86( 13.50 0.0 .0030 573 P 19
.77 {1015.22) 14.00 0.0 .0028 623 P 19
.76 1054.271 15.00 0.0 .0027 673 P 19
.76 |1077.70} 18.00 0.0 .0026 723 P 19
Shartashskoye Granite
Medium grained .19 655.99 0.56 | .0068 291 p 19
USSR
.14 718.47 0.56 {.0059 323 P 19
.05 | 780.94 0.56 |.0050 | 373 P 19

191




ROCK TYPE: GRANITE

THERMAL/HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

‘ c R K . o . T No.T MOISTURE SAMPLE SATURATION
. < j
NAME; DESCRIPTION; LOCATION p } h » ’ L CONTENT ST (2] NOTES | REF.
(W/m-K) J(3/kg-KI(10"/KN (m/s) | (em®) | (%) |{em®/s)]  (K) SHAPE (%) (cm) MEDIUM
Rovnenskoye Granite .
Medium to fine grained 1.96 952.75] 13.50 0.6 .0077 473 P 19
USSR
1.92 15.00 0.6 .0074 523 P 19
1.88 16.00 0.6 .0072 573 P 19
1.86 |1008.98] 17.50 0.6 L0069 | 623 P 19
1.82 [1052.71] 21.00 0.6 .0066 673 4 19
1.80 {1093.32| 26.00 0.6 .0081 723 P 19
Scotstown Granite
USA .0058 588 P 7
Shartashskoye Granite
Fine grained 0.91 648.18 0.0 .0053 291 P 19
USSR
0.88 721.59 0.0 .0046 323 p 19
0.87 785.63 0.0 .0041 373 P 19

291



ROCK TYPE: GRANITE

THERMAL/HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K C a k o T No. P —— SAMPLE SATURATION
NAME; DESCRIPTION; LOCATION P . h ) R CONTENT = () NOTES | REF.
(W/m-K) |(3/kg-K)}(107 /K| (m/s) (em®/s) (K} SHAPE (%) (cm) MEDIUM
Rovnenskoye Granite
Coarse grained 1.77 960.56( 9.00 . 0069 473 P 19
USSR
.73 966.81(12.00 . 0067 523 P 19
.72 999.61(14.00 .0064 573 P 19
.71 [1015.22116.00 .0063 623 p 19
.70 [1054.27{19.20 .0061 673 P 19
.68 {1102.69}22.60 .0057 723 p 19
Rovnenskoye Granite
Medium to fine grained .50 626.32 .0149 291 4 19
USSR
.38 724.71 .0123 323 P 19
.17 937.13 .0104 373 P 19
.03 865.28|10.50 .0088 423 P 19

€91




ROCK TYPE: GRANITE THERMAL /HYDROGEOLOGICAL PROPERTIES TEST CONDITIONS
No. SAMPLE SATURATION
k C a k 3 [ a T
T h TESTS MOTSTURE :

NAME; DESCRIPTION; LOCATION ¢ % ’ » CONTENT LtNgm L) NOTES REF.
(W/m-K) [3/kg-RI07"/K| (/s} | (em®) | (%) Hem™/s)] (k) SHAPE (%) {cm) MEDTUM

Rovnenskoye Gray Granite S

USSR 2.03 ]943.38 .0081 | 473 P 19
1.98 | 949.63 .0078 | 523 P 19
1.94 | 976.18 .0074 573 P 19
1.93 | 998.04 L0073 | 623 P 19
1.93  {1033.97 .0070 | 673 P 19
1.86 |1062.08 .0065 | 723 4 19

Rovnenskoye Granite

Coarse grained 2.24 640. 37 0.4 .0131 291 P 19

USSR
2.1 734.09 0.4 .0106 | 323 P 19
1.88 | 780.94 0.4 .0090 | 373 P 19
1.85 | 827.80| 7.00 0.4 .0083 | 423 P 19

91



ROCK TYPE: GRANITE

THERMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K c a K o T No. MOISTURE SAMPLE SATURATION
) * @ T : A
NAME; DESCRIPTION; LOCATION P M h , . ESTS CONTENT L‘E-NgTH () | notes | Rer.
(W/m-K) [(3/kg-R[(107"/K)| (m/s) [ (em®) [ (%) [(em/s)] (K) SHAPE (%) {cm) MEDTUM
. 46
Granite )
Quincy, MA (10'13) 298 P 29
2.0 24.2
Raymond Granite 3.3 293 0.30 C 1
CYL 11.43 Water
Revsund Granite .18
Juktan Region, Sweden (107°) -0180 | 298 Water P.2a 3
Ries Granite 22
Uncracked 7.83 298 CYL 4.5
Temp. range 298 to 473 K .
Ries Granite 22
Highly Cracked 6.47 298 oYL 4.5
Temp. range 298 to 473 K :
2.0 28.1
Rose Granite 2.5 293 0.27 C 1
cyL 11.43 Water
Rovnenskoye Gray Granite 2.85 | 609.13 0174 | 291 P 19
2.61 702.85 .0139 323 P 19
2.15 791.88 .0101 373 P i9
2.03 834.05 .0091 423 P 19

691



ROCK TYPE: GRANITE THERMAI /HYDROGEOLOGICAL PROPERTIES TEST CONDITIONS
K . o K . ° o 1 No. MOTSTURE SAMPLE SATURATION
v T :
NAME; DESCRIPTION; LOCATION P T ) ) e e e (2] NOTES
(W/m-K) KI/7kg-KH0™ /KN (m/s) | (em“)Y | (%) {(em/s)] (k) SHAPE (%) (cm) MEDIUM
Graniteville Granite 25.60 673 P
Granite 3.29 32 293 °
Manitouwadge, Canada o -
: 2.0
Granite
1.70 293 C
Unknown cvL 11.43
Opalescent Granite
USA .. 0061 588 P
Ortonville Granite .0125 373
.0115 473
.0082 573 p
Pikes Peak Granite 0.10 293 12 0.0
Colorado Springs, CO : :
CYL
6
0.05 293 - 0.0
CYL
1
0.05 293 X
CYL

991




ROCK TYPE: GRANITE THERMAL/HYDROGEOLOGICAL PROPERTIES TEST CONDITIONS
No. SAMPLE SATURATION
k ¢ “r |k < 8 a T TESTS MOTSTURE 2D (%) NOTES
NAME; DESCRIPTION; LOCATION -6 2 2 CONTENT LENGTH )
(W/m=K) {{ 3/kg-KJ107"/K)| (m/s) | (em®) | (%) [(em®/s)| (K) SHAPE (%) (cm) MEDIUM
Chelmsford Granite 7.20 298 P
24.40 673 - P

Chelmsford Grey Granite .0150 373 P
USA

.0139 473 p

.0123 588 P
Chelmsford White Granite .0085 588 P
USA
Granite; Medium grain,
|| to slight foliate 0.70 298
Mt. Airy, NC
Granite
1 to slight foliate 0.70 298
Mt. Airy, NC
Gneiss Granite s 16
Forsmark Region (10-5) 98 P,aa
Sweden Water
Graniteville Granite 8.40 298 P

L91




ROCK TYPE: GRANITE

THFRMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

v o o R} . . . T No. HOLSTURE SAMPLE | SATURATION
NAME; DESCRIPTION; LOCATION P . h ) ) TESTS CONTENT T (z) NOTES | REF.
(W/m-K) |(37kg-KI107 /K {m/s) | (em®) | (%) Hem™/s)) (K) SHAPE (%) {cm) MEDIUM
conf.
Casco Granite 3.19 298 0.0 press. 23
25.0 MPa
- conf.
3.¢3 298 0.0 press. 23
50.0 MPa
conf.
3.27 298 0.0 press. 23
100.0 MPa
conf.
2.97 298 0.0 press. 23
5.0 MPa
conf.
3.22 298 press. 23
10.0 MPa
conf.
3.24 298 press. 23
25.0 MPa
conf.
3.26 298 press. 23
50.0 MPy
conf.
3.27 298 press. 23
100.0 MP3
3.28 298 23
3.3 298 23

891



ROCK TYPE: GRANITE

THERMAL/HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

‘ o y o o No. SAMPLE SATURATION
cp T h * T TESTS MOISTURE L:D (%) NOTES REF
NAME; DESCRIPTION: LOCATION -6 .. 2 2 CONTENT LENGTH ’
(W/m-K) [(3/kg-k|R07 /)| (m/s) | {em™) 1 (%) [{em®/s)| (K} SHAPE (%) (cm) MEDIUM
Barre Granite 0.079 {.0137 | 293 0.0 Y 21
Barre, VT Disk
0.0
0.079 |.0088 293 0.0 Y,2 21
Disk
0.079 1.0158 293 Y 21
Disk Water
Barre Granite
Temp. Range 298 to 473 K 7.73 298 oL a5 22
Granite
Medium to coarse grain 0.9 298 0.0 10
Barre, VT
Granite; medium to
coarse grain, || to 0.9 298 0.0 10
bedding; Barre, VT
Barre Granite 20 2.0
Medium to fine grain, uniform 0.51 298 0.0 J 9
Barre, VT CcYL 5.08
20 1.0
0.51 298 AM 9
CcYL 2.54
. 50
Grani te .
Barriefield, Ont., Canada (10'15) 298 UNK P 29
Biotite Granite
Medium to fine grain 0.9 298 0.0 10

Lincoln Co., NV
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RCCK TYPE: GRANITE

THERMAL/HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K c or k < o a T No. MOTSTURE SAMPLE SATURATION
TESTS :
NAME; DESCRIPTION; LOCATION P P h ) ) CONTENT LENETH (2) NOTES REF.
(H/M-K) (J/kg-K)(]O /X) (m/s) (Cm ) (%) {cm /S) (K) SHAPE (%) (CITI) MEDIUM
Conf./
.27 1.28
Westerly Granite (10_15) 298 !;gg«/eagrgs 25
CyL 1.61 Water MPa
Conf./
-3 1.28 Pore Pres
(10°1%) 298 150739 | 2°
cyL 1.61 Water MPa
Conf./
28 1.28 Pore Pres] 25
(107%%) 282 203/41
CYL 1.61 Water MPa
Conf./
-20 1.28 Pore Pres 25
(107%) 2 on 1.61 Water | 203/41
: a MPa
Conf./
ot porefred 25
CYL 1.61 Water Mr/’ :
a
Conf./
42 1.28 Pore Preq 25
(10716) 298 orL 1.61 ater | 444/39
; MPa
¥ p 23
(10-14) 298
23 P 23
(10-14) 298
o P 23
(10°14) 298
.63
298 P 23

(10-15)

0L1



ROCK TYPE: GRANITE

THERMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K c a K ‘ o a T No. MOTSTURE SAMPLE SATURATION
NAME; DESCRIPTION; LOCATION ol ) \ SIS Montenr o (1) NOTES | REF.
(W/m-K) 1(3/kg-KIJ(10™°/K)| (m/s) | {cm®) »(Z) (em®/s)]  (K) SHAPE (%) (cm) MEDTUM
.35 4
Westerly Granite -15 298 Conf. 23
(107°7) Pres
5 Mpa
.15
(10—15) 298 P 23
.42
.23 ¢ Pf
- 29 onf.
(10 16) 8 Pres 23
25 MPa
1 .
et A A (106 |.0140 | 293 0.0 0.0 Y 21
Disk
106 |.0101 | 293 0.0 0.0 Y.2 21
Disk
.106 | .0155 293 Y 21
Disk Water
8.30 298 26
22.30 673 26
Westerly Granite
11.20 298 22
Temp.
emp. range 298 to 473 K cYL .45

1.1



ROCK TYPE: GRANITE

THERMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K ¢ o K " 8 o T No. MOTSTURE SAMPLE SATURATION
§ T h TESTS L:D (%)
NAME; LOCATION; DESCRIPTION | P % ) » CONTENT CERGT NOTES | REF.
(W/m-K) KI/kg-KL107°/K] (m/s) | (em®) [ (%) {(em/s)]  (K) SHAPE (%) (cm) MEDIUM
Westerly Granite 30 2.0
Fine grain, equigranular .08 298 0.0 9
Westerly, RI cyL 5.08
30 1.0
.35 298 0.0 A 9
CyL 2.54
Westerly Granite
Homogeneous 1.3 298 8
Westerly, RI
Granite, Woodstock
Granite Quarry .80 298 0.0 10

Woodstock, MD

2Ll



ROCK TYPE: GRANODIORITE THERMAL /HYDROGEOLOGICAL PROPERTIES TEST CONDITIONS
No. SAMPLE SATURATION
k % °T | *n « e ° T TESTS | MOISTURE LD (%) NOTES | REF.
“NAME; DESCRIPTION; LOCATION -6 9 5 CONTENT LENGTH
(W/m-K) [9/7%g-KUQ0™° /) (m/s) | (em) | (%) |{em®/s) (X) SHAPE (%) (cm) MEDIUM
Y
51 1.0
Conf./
Granodiorite .0110 298 0.0 ore Pres 31
DISK 2.54 101 MPa
Granodiorite
Medium grained 992.29 298 7
Canada
4.0 5.90 L0077 | 373 P 7
1.77 11.70 .0065 | 573 P 7
9.80 L0071 473 P 7
Granodiorite 2.95 30 293 62 28
Jackfish, Canada : . j
Granodiorite 3.42 20 293 12 28
Manitouwadge, Canada ) .
Smolinskoye Granodiorite
Coarse grained 1.74 | 749.70 .70 .0087 291 - P 19
USSR
1.70 | 827.80 .70 .0077 | 323 P 19
1.57 | 890.27 .70 .0066 § 373 p 19

€L1




ROCK TYPE: GRANODIORITE

THERMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K c o K . N o T No. MOTSTURE SAMPLE SATURATION
T h TESTS .
NAME: DESCRIPTION: LOCATION P -6 2 2 CONTENT LléNgTH - NOTES REF.
(W/m-K) [(3/kg=K[107"/K)| (m/s) | (em) | (%) (em™/s) (k) SHAPE 1£3) (cm) MEDIUM
Smolinskoye Granodiorite
Coarse grained 1.41 | 952.75 .70 .0055 423 P 19
USSR
1.36 [1015.221 13.50 .70 . 0050 473 P 19
1.35 [1049.59( 14.50 .70 .0048 523 P 19
1.39 [1068.33] 15.40 .70 .0049 573 P 19
1.39 {1102.69{ 17.20 .70 .0047 623 p 19
1.39 |1132.371 18.50 .70 . 0046 673 P 19
1.38 }1155.80( 21.00 .70 .0045 723 p 19
St. Cloud Grey Granodiorite 30 1.0
Medium grain .08 298 0.0 9
St. Cloud, MN YL 2.54
St. Cloud Granodiorite
St. Cloud, MN .076 293 0.0 A 21
0.0
.076 | .0125 293 0.0 Y 21
0.0

vLT



ROCK TYPE: GRANODIORITE

THERMAL/HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

" c a « . o . T No. HOLSTURE SAMPLE | SATURATION
JESTS :

NAME; DESCRIPTION; LOCATION P _g h > 2 E CONTENT LENETH NOTES REF.

(W/m-K) [(37%g-KJU07°/K {m/s) | (em®) | (%) |(em™/s)| (K) SHAPE (%) {cm) MEDIUM

St. Cloud Granodiorite

St. Cloud, MN .076 .0087 293 0.0 Y,Z 21

Water
.047 }.0151 293 0.0 Y 21
.08 293 21

. . 22

Granodiorite 2.88 293 , 28

Winnipeg, Canada

SL1



ROCK TYPE: MISC. GRAMITIC

THERMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K c o K . o N T No. MOTSTURE SAMPLE SATURATION
: T TESTS : A
NAME; DESCRIPTION; LOCATION P . h ) ) CONTENT i () NOTES | REF.
(W/m-K) [(3/7%g-KI07"/w N (w/s) | (em®) | (%) ltem®/s) (K) SHAPE (%) (ch) MEDIUM
Alpine Pegmatites 0.6 |753.64 1.17 | .0128 | 293 ’ 27
Central Alps, Europe . ’ . .
Pegmatite; granitic
Very coarse grain 1.1 298 0.0 10
Star Lake, NY
Quartz Monzonite
Coarse grained 1000. 85 298 7
Canada
2.26 7.50 . 0085 373 P 7
2.04 10.30 .0077 473 P 7
1.86 12.90 L0070 573 P 7
Red River Quartz
Monzoni te 7.10 298 P 26
25.00 673 P 26
Quartz Monzonite 2.89 12
Winnipeg, Canada . 293 p 28
Granite and Quartz
Syenite; Fine to medium
g%m;émrLﬂm NY 0.4 298 0.0 10

9.1



ROCK TYPE: MISC. GRANITIC

THERMAL /HYDROGEOLOGICAL PROPERTIES

TEST CONDITIONS

K c a K . . . T No. MOTSTURE SAMPLE SATURATION

NAME; DESCRIPTION; LOCATION P . h ) TES1S CONTENT B (£) NOTES | REF.
(W/m-X) [(3/kg-KH10" /K (m/s) | (em™) [ (%)  |(em/s)| (K) SHAPE (%) (cm) MEDIUM
Granite and Quartz
Syenite 0.8 298 0.0 10
Lyon Mountain, NY
Meta-Rhy.olite > Quartz
Porphyry; Chloritic 0.4 298 0.0 10
MN
Meta-Rhyolite > Quartz
Porphry 0.2 298 0.0 10
Soudan, MN
Y
50
Rhyolite .0064 | 298 0.0 ol e 31
Disk .101 Mpa

Rhyolite
Fine grained 2.60 [ 992.291 7.00 .0100 373 P 7
Canada

2.35 9.20 . 0090 473 P 7

2.13 12.10 573 P 7

LLT
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A.3 MECHANICAL PROPERTIES



ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONDITIONS

NAME . £ ¢ | T, fAoormiomaL | T | Re- ) BRESSS lorsture | SMLE [SATURITION oap
DESCRIPTION 3 N PROPERTIES 21 PORE CONTENT e RATE NOTES REF.
LOCATION {g/cm”)| (GPa) {MPa) | (MPa) (**) (x) SHAPE . (%) ! MEDIUM (MPa/s)
(MPa) (cm)
Albite Granite
Medium grained 2.64 | 41.4 | .32 |149.07 298 7
Canada
2.64 | 41.4 32 [141.22 373 7
2.64 | 41.4 .32 |137.30 473 7
2.64 | 41.4 32 1133.38 573 7
Alpine Granites 2.55¢ 8 27
Central Alps, Europe 2.63 f 293
3.94
. 0.9 2.0
ga”re G;?”‘te 2.68 | 34.5 | .15 |195.61 293 0.0 c 1
arre, YL 0.0 11.43
37.2 167.48 85.08 293 0.0 0.24 2.0 46.2 c 1
CYL 11.43 Water
8 0.0 2.04
194.40 | 10.69 293 0.0 0.26 5
YL 10.79
10.69 293 2 0.0 0.0 2.04 H 5
oYL 10.795
6 0.0 2.0
61.5 293 0.0 M 5
YL 10.795

*+*ADDI TIONAL PROPERTIES

a) MODULUS OF RIGIDITY {GPa)
COMPRESSIBILITY (1076/Mpa)

b)

c) SHEAR WAVE VELOCITY (§m/s)
d) IMPACT TOUGHNESS (m/m¢)

e) SHORE SCLEROSCOPE HARDNESS
f) LONGITUDINAL WAVE VELOCITY (km/s)

g) MODULUS OF RUPTURE (MPa)

6.1



ROCK TYPE: GRANITE MECHANTCAL PROPERTIES TEST CONDITIONS
NAME o t ¢ | 1o | Aoortionau |y} te. o REERS hegrstuge | SITELE SATIITIONGonp
DESCRIPTION 3 v PROPERTIES 2T oORE CONTENT (i RATE NOTES REF.
LOCATION {g/cm™) (GPa) (MPa) | (HPa) **) (K) | suapE \ (%) . MEDIUM | (MPa/s)
(MPa) {cm)
Barre Granite f 6 0.0 2.0
Barre, V1 47.0 .14 5.06 293 0.0 K 5
cvL 10.795
6 0.0 2.0
2.64 | 67.6 39 293 0.0 LW 5
cYL 10.795
o 960 2.0
93.00 293 0.0 bb 5
YL 10.795
070 15
2.66 .31 [234.00 | 8.00 298 P
20 0.0 2.0 10
197.00 298 0.0 " 9
VL 5.08 (107%)
2.63 293 0.0 9
Barre Granite 0.0 2.7 .10
Anisotropic 60.0 .30 [220.00 298 (1073 14
within samples CcYL 3.427
Granite; medium to 6.Saé 192.9$ 0.0
coarse grain 2.66 | 30.4 028.90 B5.00°, 3.40° |298 0.0 10
Barre, VT 0.0
Granite; medium to 15.2% 0.0
coarse grain, || to bed 27.1 226.20 192.9 298 0.0 10
Barre, VT 25.59
a
4.2 244. 10 16.34 298 0.0 0.0 10
18.6
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) ) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE (MPa)

b)

COMPRESSIBILITY (i0-

/MPa)

d) IMPACT TOUGHNESS (m/m2)

f) LONGITUDINAL WAVE VELOCITY (km/s)

081



ROCK TYPE: GRANITE MECHANICAL PROPERTIES TEST CONDITIONS
NAME 5 £ ¢ T, ADDITIONAL T TE?TS Egg;s/ MOTSTURE S’L",”;LE SA“(};’)\“O” LOAR
DESCRIPTION 3 v PROPERTIES : POPE CONTENT MeveTh RATE NOTES REF.
LOCATION {g/cm™)| (GPa) (MPa) | (MPa) (**) (K) | suape (Mpa) (%) (cr:\) MEDIUM | {MPa/s)
Barre Granite £ 20 0.0 2.0 .16 9
Medium to fine grain, 7.67 3.51 298 0.0 -5
uniform; Barre, VT cYL 5.08 (1077)
2.64 | 45.6 88.80° 298 0.0 0.0 2.0 10 J 9
5.08 (10°7)
1.0
32.5 .23 298 AM 9
2.54
Granite, Biotite 22.5%, 394.09 0.0
Medium to fine grain 2.63 | 51.3 272.30 100.08, 4.40f|298 0.0 10
Lincoln Co., NV 26.99
Bohus Granite 53.3 | .20 |157.00| 10.50 203 0.0 3
¢ 0.0
2.64 | 53.3 180.00 4,49 298 1
Granite
Medium grained 2.61 298 7
Canada
2.64 298 7
Chelmsford Granite 2.90f 273 0.0 24
0.1
3.24f 303 0.0 24
0.1
“**ADDI TIONAL PROPERTIES a) MODULUS OF RIGIDITY gcpa) ¢) SHEAR WAVE VELOCITY (5m/s) €) SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE {MPa)
b) COMPRESSIBILITY (10-6/MPa)  d} IMPACT TOUGHNESS {(m/m¢) f) LONGITUDINAL WAVE VELOCITY (km/s)

181



ROCK TYPE: GRANITE MECHANICAL PROPERTIES TEST CONDITIONS
NAME o C Co | To | noiriomau opo Moo ] PRESS dworstuge | SIUTLE|SATURRTION i onp
DESCRIPTION 3 v PROPERTIES = POPE CONTENT MTevcT RATE NOTES REF.
LOCATION (g/em™) (GPa) (MPa) | (MPa) (*=) (x) SHAPE (MPa) (%) (C"“) MEDIUM | (MPa/s)
Chelmsford Granite 3.72f 333 0.0 24
0.1
f .
3.92 363 0.0 24
0.1
Granite 2.0
In situ 7.4 298 S 13
Competent Zones CYL
2.0
11.2 298 T 13
CyL.
2.0
18.6 298 u 13
cYL
Granite ‘ 2.94° sos L2 0 1 oo b 3
In situ, jointed and 2.54 54.2 4 87f ’
competent zones .
Granite 2.0
In situ, high angle 7.2 298 S 13
joint zones CcYL
2.0
10.8 298 T 13
cYL
2.0
20.8 298 , U 13
CYL
Granite ) ) 2.0
In situ, low angle 4.8 298 S 13
joint zones CYL
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) c) ' SHEAR WAVE VELOCITY (§m/s) e} SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE (MPa)
b) COMPRESSIBILITY (10-6/MPa) d) IMPACT TOUGHNESS (m/m¢) f) LONGITUDINAL WAVE VELOCITY (km/s)

281




ROCK TYPE: GRANITE MECHANICAL PROPERTIES TEST CONDITIONS
to. PRESS.: SAMPLE |SATURATION
DESCRIPTION e : v | To | boerties ‘T [ESIS | CONF-/ oonTEnT D (%) RATE NOTES REF.
LOCATION {g/cm™) (GPa) (MPa) | (MPa) (**) (x) SHAPE (Mﬁa) (%) (Cn“) MEDIUM (MPa/s)
Granite 2.0
In situ, low angle 6.2 298 T 13
joint zones cYL
2.0
10.6 298 : v 13
cYL.
Granite 20 0.0 2.0
NX size laboratory 145.00 298 0.0 13
cores CcYL
5 0.0 2.0
128.00 298 B 13
CYL
19 0.0 2.0
52.5 298 0.0 qQ 13
CYL
. 2.0
59.2 208 |12 0.9 0.0 R 13
oYL
c 25 0.0
2.81 | 54.6 | .26 2.8 298 0.0 13
5.49
Grani 0.0 2.0
ranite 2.66 | 40.7 | .18 |253.18 293 0.0 c 1
Unknown cYL 0.0 11.43
0.0 2.0 27.0
39,3 148.24 293 0.17 o 1
oYL 11.43 Water
6 0.0 2.5
Krakemala Granite 61.4 .20 1188.20} 8.92 293 0.0 1 3
‘ o 10.5
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE (MPa)

=g

)

COMPRESSIBILITY (10

/MPa)

d)

IMPACT TOUGHNESS {m/m¢)

f) LONGITUDINAL WAVE VELOCITY (km/s)

€81



ROCK TYPE: GRANITE MECHANICAL PRUZERTIES TEST CONDITIONS
NAME . r ¢, T ADDETIONAL T T“‘;-TQ Ea;fﬁ MOTSTHRE S‘L”_‘gLE SAT??’)\”ON LOAD
DESCRIPTION 3 v PROPERTILS LoT: onee’ | contenT i RATE NOTES REF.
LOCATION (a/cm™ )} (6P 1) (MPa) | (MPa) (**) (x) SHAPE (nﬁa) (%) (cé) MEDIUM (MPa/s)
] 6 0.0 2.5
Krakemala Granite 57.1 152.70 | 6.77 293 0.0 1 3
cYL 10.5
.21 293 5 0-0 0.0 2.5 3
cYL 10.5
3 d
Granite; Medium grain ég'ge‘ §036¥ 0.0
| to slight foliate 2.60 | 15.7 209.60 119 298 0.0 10
Mt. Airy, NC .1
Granite, Medium grain )a 0.0
Il to slight foliate 2.60 | 45.4 10.27 298 0.0 10
Mt. Airy, NC 2.40
a
2.60 | 26.5 12.3° 298 0.0 0.0 10
3.20
] 5 0.0 2.0
Mt. Airy Granite 201.60 293 4
cYL 10.909
Granite 0.0 2.0
Dense, coarse grain 12. 00 298 17
NTS, Mercury, NV CYL 10.785
g::g?{;]‘e 167.70 373 7
155.93 473 7
151.03 523 7

¥81

MODULUS OF RIGIDITY (GPa) f) MODULUS OF RUPTURE (MPa)

**ADDITIONAL PROPERTIES a
g COMPRESSIBILITY (10-6/MPa)  d)

c) SHEAR WAVE VELOCITY (EY;I/S) e) SHORE SCLEROSCOPE HARDNESS
b

IMPACT TOUGHNESS (m/m f) LONGITUDINAL WAVE VELOCITY (km/s)




ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONNITIONS

NAME ¢ c T e Ho. | PRESS.: |uoisryee | SAMPLE [SATURATION| oo
DESCRIPTION - v 0 °© | prOPERTIES IESTS 1 COMF-/ | content |l (%) RATE NOTES REF.
LOCATION (g/em”) {GPa) (MPa) | (MPa) (**) {K) | sHAPE (Ma) (%) (c;) MEDIUM | (MPa/s)
Ortonville Granite 145,14 573 p 7
Pikes Peak Granite 3 0.0 2.02
" 226.20 293 0.0 0.42 5
Col do Springs, CO
olorado Springs orL 10.795
88.90 293 |3 0.0 0.0 2.02 0.16 5
oL 10.795
1 i i
11.90 293 0.0 0.0 2.02 5
oL 10.795
3.93 293 ] 2 0.0 0.0 2.02 " 5
ovL 10.795
70.6 | .31 5.79F 203 |3 0.0 0.0 2.0 J 5
oL 10.795
63.3 | .21 293 |3 0.0 0.0 2.0 K 5
oL 10.795
3 0.0 2.0
77.9 203 0.0 L 5
oYL 10.795
3.4 | .37 203 |3 0.0 0.0 2.0 I 5
oL 10.795
27.9 | .25 203 | > 0.0 0.0 2.0 K 5
, oL 10.795
**ADDITIONAL PROPERTIES ) HODULUS OF RIGIDITY (GPa) ~ <) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS ) MODULUS OF RUPTURE (MPa)

b)

COMPRESSIBILITY (10

/MPa) d)

IMPACT TOUGHNESS (m/mZ)

f) LONGITUDINAL WAVE VELOCITY (km/s)

681



981

ROCK TYPE: GRANITE MECHANICAL PROPERTIES TEST CONDITIONS
NAME , -, T, | AborTiona T T?g-ﬁ Egﬁ:sl MOTSTURE SﬁL\{«gLE smt(u;xsmon LOAD
DESCRIPTION 3 PROPERTIES : PORE CONTENT Freiesm RATE NOTES REF.
LOCATION (g/cm”)} (6Pa) (MPa) | (MPa) (**) (K) SHAPE (”p‘a) (%) (c"‘x) MEDIUM | (MPa/s)
—
Raymond Granite 2.64 {42.1 | .26 |178.03 88.0° 203 0.0 0.0 2.0 0.0 c .
cYL 0.0 11.43
0.0 2.0 24.2
33.1 156.52 80.0° 293 0.30 c 1
CYL 11.43 Water
Raymond Granite 6 0.0 2.0
Dense, unfractured 147.49 293 0.6894 - C 2
unweathered cyYL . 5.385
6 0.0 2.0
198.76 293 0.6894 c 2
YL 8.484
179.50 203 |9 0.0 2.0 0.6894 c 2
oYL 10.795
3 0.0 1.5
189.35 293 0.6894 c 2
TRI 11.43
179.84 203 | 2 6.0 2.0 0.6894 ¢ 2
YL
Rose Granite 41.4 .28 |308.00 101.0° 293 0.0 0.0 2.0 c 1
YL 0.0 11.43
. 0.0 2.0 24.2
2.64 | 48.3 242.22 | 93.0 293 0.27 c 1
oYL 0.0 11.43 | water
Rovnenskoye Gray
Granite; USSR 2.69 | 68.60 291 19
**ADDI TIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) ¢) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS f) MODULUS OF RUPTURE (MPa)
b) COMPRESSIBILITY (10-6/MPa)  d) IMPACT TOUGHNESS (m/m) f) LONGITUDINAL WAVE VELOCITY (km/s)




L81

ROCK TYPE: GRANITE MECHANICAL PROPERTIES TEST CONNITIONS

NAME o £ ¢, T, ADDITIONAL T ng%g EEEES}Z MOTSTURE SﬁﬂgLE SAT?gﬁTloN LOAD

DESCRIPTION 3 v PROPERTIES POPE CONTENT e RATE NOTES REF.

LOCATION {g/cm™) (GPa) (MPa) | (tPa) (**) (K) | sHape y (%) ) MEDIUM - | (MPa/s)

(MPa) {cm)

Rovnenskoye Gray

Granite; USSR 2.69 66.7 323 19
2.69 | 63.7 373 19
2.69 | 55.9 423 19
2.69 | 51.0 473 19
2.69 | 42.7 523 19
2.69 | 35.8 573 19
2.69 | 28.9 623 19
2.69 | 26.0 673 19
2.69 | 22.1 723 19

Rovnenskoye Granite

Coarse grained 2.68 | 88.8 291 19

USSR _

**ADDI TIONAL PROPERTIES a) MODULUS OF RIGIDITY gepa) c) SHEAR WAVE VELOCITY (5m/s) e) SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE (MPa)

b) COMPRESSIBILITY (10-5/MPa)  d) IMPACT TOUGHNESS (m/m¢) f) LONGITUDINAL WAVE VELOCITY (km/s)




881

ROCK TYPE: GRANITE MECHANTCAL PROPERTIES TEST CONDITIONS

we - ] o A R N I e L e

DESCRIPTION 3 v PROPERTIES - PORE CONTENT —TenaTh RATE NOTES REF.

LOCATION (g/cm™)| (GPa) (MPa) | (MPa) (**) (K) SHAPE (MPa) (%) (C"“) MEOIUM | (MPa/s)

Rovnenskoye Granite

Coarse grained 2.68 97.9 323 19

USSR
2.68 85.8 373 19
2.68 61.3 423 19
2.68 51.0 473 19
2.68 40.7 523 19
2.68 34.8 573 19
2.68 30.4 623 19
2.68 21.5 673 19
2.68 18.3 723 19

Rovnenskoye Granite

Medium to fine grained 2.68 64.7 291 19

USSR

**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) c) SHEAR WAVE VELOCITY (5m/s) e) SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE (MPa)

b) COMPRESSIBILITY (10-9/MPa) d) IMPACT TOUGHNESS (m/m<)

f) LONGITUDINAL WAVE VELOCITY (km/s)




ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONDITIONS

NAME 2 2 G | T {roormioma |7 | Mo | PRESS.: dugysruee | SPELESATURATION yonp

DESCRIPTION 3 v PROPERTIES . POPE CONTENT LENCTH RATE NOTES REF.

LOCATION {g/cm™)| (GPa) (MPa) I (MPa) (**) (K) | sHAPE (Mpa) (%) (céj MEDIUM | (MPa/s)

Scotstown Granite

USA 194.18 523 7

188.29 573 7

Shartashskoye Granite

Fine grained 2.64 41.2 291 19

USSR
2.64 40.2 323 19
2.64 39.2 373 19
2.64 38.1 423 19
2.64 35.3 473 19
2.64 32.4 523 19
2.64 29.4 573 19
2.64 27.9 623 19

**ADDI TIONAL PROPERTIES a) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE (MPa)

b)

MODULUS OF RIGIDITY éGPa)

COMPRESSIBILITY (10~

/MPa)

d)

IMPACT TOUGHNESS {m/m¢)

f) LONGITUDINAL WAVE VELOCITY (km/s)

681



ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONDITIONS

NAME b 3 ¢ | To [Awormioma o7 B[ PRESS: lorstuee Sf',‘;“ SAT‘(’;’)‘”O” LOAD

DESCRIPTION 3 v PROPERTIES : PORE CONTENT Frpyery RATE NOTES REF.

LOCATION (9/cm™)| (GPa) (MPa) | (MPa) (**) (K} | suarg (MPa) (%) (cr;) MEDIUM | (MPa/s) :

Rovnenskoye Granite

Medium to fine grained 2.68 54.9 323 19

USSR
2.68 | 49.0 373 19
2.68 | 39.2 423 19
2.68 | 33.3 473 19
2.68 | 30.0 576 19
2.68 | 27.0 623 19
2.68 | 25.0 673 19
2.68 | 22.1 723 19

Scotstown Granite

USA 211.83 373 7

200.06 473 7
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) ¢) SHEAR WAVE VELOCITY (§m/s) e) SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE (MPa)
)

b)

COMPRESSIBILITY {10-5/MPa)

d) IMPACT TOUGHNESS (m/m

f) LONGITUDINAL WAVE VELOCITY (km/s)

061



ROCK TYPE: MISC. MECHANICAL PROPERTIES TEST CONDITIONS
GRANITIC
NAME o £ ¢, | T, | AoorTioma T T{EJ(S):TS Egﬁ?s/ MOTSTIRE S’:'f%“ SA“(JE’)”ION LOAD
DESCRIPTION 3 v PROPERTIES POPE CONTEMT MrenaTh RATE NOTES REF.
LOCATION (g/cm®)| (GPa) (MPa) | (MPa) (**) (X) SHAPE (HP‘a) (%) (cm) MEDIUM (MPa/s)
Alpine Pegmatites 2.61 1.79¢ 293 3 27
Central Alps, Europe . f
2.66
Pegmatite; granitic 22.82, 200.8° 0.0
Very coarse grain 2.59 |61.6 213.70 87.0%, 4.907 | 298 0.0 10
Star Lake, NY 22.19
Quartz Monzonite 28.1° 0.0 2.5
Coarse grain 112.40 : 298 0.0 F 16
Butte Mines, MT 20.09 cYL 13.494
d 1.0
2.75 185.0] 298 0.0 16
65.0 YL 5.3975
Quartz Monzonite
Coarse grain 2.65 298 7
Canada
Granite and Quartz 283.59, 88.0° 0.0
Syenite; fine to medium | 2.62 |66.9 275.10 5.107. 20.79 | 298 0.0 10
grain; Star Lake, NY ’ *
Granite and Quartz 16.3%, 551.09 0.0
Syenite; 2.65 |33.9 293.70 95.0%, 3 sof 298 0.0 10
Lyon Mountain, NY o
Meta-Rhyolite > 472.0%, 68.0° 0.0
Quartz Porphyry 2.69 235.10 7 609 298 ’ 0.0 10
Chloritic; MN .
Meta-Rhyolite > 31.62, 512.9° 0.0
Quartz Porphyry 2.84 |77.0 130. 30 5.20', 47.0° | 298 0.0 10
Soudan, MN 20.79
Rhyolite
Fine grain 2.64 298 7
Canada
**ADDITIONAL PROPERTIES ~ a) MODULUS OF RIGIDITY (GPa) e) SHORE SCLEROSCOPE HARDNESS f)  MODULUS OF RUPTURE (MPa)

b)

COMPRESSIBILITY (10-%/MPa)

¢) SHEAR WAVE VELOCITY (Em/s)
d) IMPACT TOUGHNESS {m/m<)

f) LONGITUDINAL WAVE VELOCITY (km/s)

161



ROCK TYPE: GRANODIORITE

MECHANICAL PROPERTIES

TEST CONDITIONS

NAME o 3 ¢ | T, |AoorTioma oy fo. | PRESS ;5 [rorsTiRe Sﬁ',‘gLE SA“(JQ’)\” ONL Loan
DESCRIPTION 3 v PROPERTIES - POPE CONTENT [—EieTi; RATE NOTES REF.
LOCATION (9/cm”) (GPa) (MPa) | (MPa) (**) (K} | suape (MPa) (%) (cn‘l) MEDIUM | (MPa/s)
St. Cloud Grey 30 0.0 2.0 .16
Granodiorite; medium 6.97 298 0.0 9
grain; St. Cloud, MN oL 5.08 (107%)
c 30 0.0 1.0
2.72 | 188 | .25 2.96 298 0.0 9
4.21 oYL 2.54
St. Cloud Granodiorite
st. Cloud, MN 2.72 293 0.0 A 21
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) ¢) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS f) -MODULUS OF RUPTURE (MPa)
b) COMPRESSIBILITY (10-%/MPa)

d) IMPACT TOUGHNESS (m/m?) f) LONGITUDINAL WAVE VELOCITY (km/s)

261



€61

ROCK TYPE: GRANODIORITE MECHANICAL PROPERTIES TEST CONDITIONS
NAME p E ¢, | T, | mvorTiomaL |1 o | PRESS: hgrstue | SIMPLESATURITION - onp
DESCRIPTION 3 v PROPERTIES - PORE CONTENT rEveT RATE NOTES REF.
LOCATION (g/cm™)} (GPa) (MPa) | (MPa) (**) (K) | sHArE : (%) N MEDIUM (MPa/s)
(MPa) {cm)
Smolinskoye
Granodiorite; Coarse 2.74 138.1 323 19
grained; USSR
2.74 |37.8 373 19
2.74 | 36.8 423 19
2.74 |36.1 473 19
2.74 |33.8 523 19
2.74 |32.4 573 19
2.74 |29.4 623 19
2.74 | 27.5 673 19
2.74 125.5 723 19
St. Cloud Grey 30 0.0 2.0 .10
Granodiorite; medium 70.8 282.00 298 0.0 (10-4) J 9
grain; St. Cloud, MN CcYL 5.08
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS f) MODULUS OF RUPTURE (MPa)
b) COMPRESSIBILITY (10-0/MPa)  d} IMPACT TOUGHNESS (m/m2) f) LONGITUDINAL WAVE VELOCITY (km/s)
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ROCK TYPE: GRANODIORITE MECHANICAL PROPERTIES TEST CONDITIONS
NAME o 3 ¢ | T, |hoorTioma || fo. ESEES}’ Morsture | STLE SAT?;‘)‘TION LOAD
DESCRIPTION 3 v PROPERTIES > POPE CONTEMT LEN(‘TH RATE NOTES REF.
LOCATION (g/cm)| (GPa) (MPa) | (MPa) {(**) (K) | shape (M) (%) (cm) MEDIUM |} (MPa/s)
Granodiorite
Medium grained 2.74 298 7
Canada
Finnsjon 12 0.0 2.5
Granodiorite g2.5 .20 1240.60 ] 13.48 293 0.0 3
CcYL
Granodiorite 2.0 :
Nevada Test Site 64.0 .31 293 18
NV CcyL 2.54
2.0
70.0 .29 293 18
- CyL 2.54
Granodiorite 2.0
Shocked by nuclear 18.G .45 293 * N 18
blast; NTS, NV CYL 2.54
2.0
18.¢ .45 293 N 18
CYL 2.54.
2.0
70.0 .29 293 N 18
CYL 2.54
Granodiorite 2.0
Mechanically shocked 1.0 .50 293 0 18
NTS, NV cYL 2.54
2.0
7.0 .29 293 = 0 18
CyL 2.54
Smolinskoye
Granodiorite; Coarse 2.74 {38.2 291 19
grained; USSR .
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS f) MODULUS OF RUPTURE (MPa)
b} COMPRESSIBILITY (10-5/MPa) d) IMPACT TOUGHNESS (m/mZ) f) LONGITUDINAL WAVE VELOCITY (km/s)
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ROCK TYPE: GRANITE MECHANICAL PROPERTIES TEST CONDITIONS
NAME o ; ¢ | To |Avormioma | ov | Moo | PRESS.: hgrsrye | SAPLE |SATURATION yga
DESCRIPTION 3 v PROPERTIES y PORE CONTENT e yaTh RATE NOTES REF.
LOCATION {g/cm”)] (GPa) (MPa) | (MPa) (**) (x) SHAPE (Mﬁa) (%) (cn;) MEDI UM (MPa/s)
Westerly Granite 1.33 .13
Homogeneous 253.00 298 (10-3) G 8
Westerly, RI CcYL 1.27
1.33
379.00 298 - .20 G 8
cYL 1.27
1.33 .30
470.00 298 4 G 8
oYL 1.27 (10%)
2.65 298 8
Granite 25.42, 271.¢° 0.0
Woodstock Granite 2.65 |54.6 351.00 98.0°, 4.50 298 0.0 10
Quarry; Woodstock, MD 20.79
Granite 0.0 2.5
Zuni Mt. Area 193.10 293 6
Valencia Co., NM CYL 5.715
£ 12.0
82.0 .27 5.40 293 6
CYL 25.4
1.
2.64 0 P 6
CYL 2.225
d 1.0
547.24 293 P 6
cyL 2.225
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS f) MODULUS OF RUPTURE (MPa)
b) COMPRESSIBILITY (10-6/MPa) d) IMPACT TOUGHNESS (m/mZ) f) LONGITUDINAL WAVE VELOCITY (km/s)




ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONDITIONS

NAME £ c T ADDITIONAL | T to. PRESS. : SAMPLE | SATURATION
DESCRIPTION ? 3 v ° © | PROPERTIES TESTS | CONF./ M(c]gvsxpﬁliﬁ L:D (%) k%\g NOTES REF,
LOCATION (g/cm®)| (GPa) (MPa) | (Pa) (**) (®) | suare ‘(’;’“’Zg) (%) LEZ;;” MEDIUM | (MPa/s)
Granite 31.02
Westerly, RI -18 2 0ab 298 20
32.02 0.0
.19 o 298 20
20 33.0° 298 0.0
) 1.840 20
21 34.0° 298 0.0
. Lo 20
8.300 0.0
Westerly Granite 2.69¢ 298 p
4.1af 23
‘ b
Westerly Granite 51.0 c
Quartz Monzonite 1.00 1225 24
f
1.00 0.1
Westerly Granite 30
Fine grain, equigranular] 49.9 233.00 298 %0 0.0 20 "10-4 J 9
Westerly, RI oL 5.08 (1077)
30 0.0 2.0 .16
9.61 93.8° 298 0.0 -5 9
cYL 5.08 (1077)
¢ 30 0.0 1.0
2.6 [ 44.3 | .21 27101 a98 | 0.0 : A 9
4.09 cvL 2.54
Westerly Granite
Homogeneous 253.00 298 1.33 .10 ] .
Westerly, RI oL 1.27 (10°5)
*+ADDITIONAL PROPERTIES  a) MODULUS OF RIGIDITY (GPa) ) SHEAR WAVE VELOCITY [km/s) e) SHORE SCLEROSCOPE HARDNESS £) MODULUS OF RUPTURE (MPa)
b) COMPRESSIBILITY (10-6/MPa)  d) IMPACT TOUGHNESS {m/m2) £) LONGITUDINAL WAVE VELOCITY (km/s)
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ROCK TYPE: GRANITE

MECHANTCAL PROPERTIES

TEST CONDITIONS

NAME p E ¢ | T, |Apoitioma || Moo PRESS-:lugrsryp | SAPLE | SATRATIONG ioap
DESCRIPTION 3 v PROPERTIES POPE CONTENT FTeveTn RATE NOTES REF.
LOCATION (g/cm”) (GPa) {MPa) | (MPa) (**) (K) SHAPE (MF;a) (%) (cm) MEDIUM (MPa/s)
Unaweep Granite d
Coarse grain 303'7& 298 0.0 1.0 F 16
Grand Junction, CO 37.0 cYL 5.3975
Unaweep Granite 0.0 2.5
Coarse grain, || to bed 161.30 22.89 298 0.0 F 16
co cvL 13.494
a 0.0 4.5
42.3 5.60 19:0° | 298 0.0 £,F 16
3.93 cYL 25.40
2.73 173.24 298 0.0 F 16
cYL
44.0° 298 0.0 1.0 F 16
YL 5.3975
Granite 20.0% 0.0
.06 298 20
Westerly, RI 5.64b
a
.1 2.0° 1 298 0.0 20
3.62
a 0.0
.15 28.0° | 298 20
2.66
a 0.0
17 5.0 | 298 20
2.37
a 0.0
.18 0.0 | 208 20
2.18
**ADDI TIONAL PROPERTIES a) MODULUS OF RIGIDITY éGPa) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS f) MODULUS OF RUPTURE (MPa)

b)

COMPRESSIBILITY (10

/MPa)

d)

IMPACT TOUGHNESS (m/m<).

f) LONGITUDINAL WAVE VELOCITY (km/s)
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ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONDITIONS

1 2SS, : ATURATION
DESCRIPTION 3 v | ° | © | PpropeRTIES IESTS {1 COWF-/ " content bl (&) RATE NOTES REF.
LOCATION (g/cm”) (GPa) {MPa) | (MPa) (**) (K) | sHAPE (MPa) (%) (cé) MEDIUM | (MPa/s)
Unaweep Granite 19.12 0.0 4.5
Coarse grain 38.2 .002 ’ f 298 0.0 F 16
Grand Junction, €O 3.75 YL 25.40
g 0.0 2.5
18.7 .08 17.9 298 0.0 Vv,F 16
cYL 13.494
a 0.0 4.5
7.2 | .12 1557, 298 0.0 F 16
3.17 oL 25.40
0.0 2.5
29.2 .13 15.99 298 0.0 V,F 16
cYL 13.494
0.0 4.5
27.2 | -.13 298 0.0 F 16
oL 25.40
2.67 298 0.0 16
2.71 298 0.0 16
1.60 298 0.0 16
d
307.1e 298 0.0 1.0 . "
59,0 cYL 5.3975
d 1.0
303.1 208 0.0 F 16
53.0% cyL 5.3975
*+*ADDI TIONAL PROPERTIES a) MODULUS OR RIGIDITY gGPa) ¢) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS f) MODULUS OF RUPTURE (MPa)

b)

COMPRESSIBILITY (10-

/MPa) d)

IMPACT TOUGHNESS (m/m€)

f) LONGITUDINAL WAVE VELOCITY (km/s)
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ROCK TYPE: GRANITE - MECHANICAL PROPERTIES TEST CONDITIONS
NAME b E ¢ | To |Apormiomau |or | o | PRESS.: luprsruee [ SAMPLE|SATURATION yonp
DESCRIPTION 3 v PROPERTIES POPE CONTENT MrEneTh RATE NQTES REF.
LOCATION (g/cm”)f (GPa) (MPa) | (MPa) (**) (x) SHAPE (MPa) (%) (c";) MEDIUM | (MPa/s)
Swenson Pink
Granite; USA 143.18 573 7
Texas Granite 170.99 293 > 0.0 2.0 4
cYL 10.909
Unaweep Granite 0.0 2.5
Coarse grain 175.80 16.59 298 0.0 3 16
Grand Junction, CO cYL 13.494
158.60 17.9% 298 0.0 0.0 2.5 3 16
YL 13.494
0.0 2.5
174.40 298 0.0 £ 16
CcYL 13.494
4.10 298 0.0 0.0 4.5 £ 16
oYL 25.40
0.0 4.5
3.60 298 0.0 £ 16
cvL 25.40
3.40 298 0.0 0.0 4.5 E 16
_ cYL 25.40
o8 0.0 4.5
27.2 | .19 168 | 29 0.0 F 16
3.17 oYL 25.40
21.3 | .05 16.59 298 0.0 0.0 2.5 V.F 16
oYL 13.494
**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY gcpa) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS g) MODULUS OF RUPTURE (MPa)
b) COMPRESSIBILITY (10-5/MPa)  d) IMPACT TOUGHNESS (m/mc)

f) LONGITUDINAL WAVE VELOCITY (km/s)
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ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONDITIONS

e ST R e R e I S e
DESCRIPTION ) v PROPERTIES oare! | content R RATE NOTES REF.
LOCATION {g/cm”)] (GPa) (MPa) | (MPa) (**} (K} | suApE (MPa) () (cm) MEDIUM | (MPa/s)
Stripa Granite 14.96 293 |12 0.0 0.0 3
50.8 | .13 |148.00 463 6 0.0 3
a 2
2.62 64.9° 293 3
5.18 oL
a 2
2.61 65.2° 293 3
5.24 cYL
a 2
2.62 65.5° 293 3
5.31 oL
a 2
2.62 6.7 293 3
5.38 ovL
2.62 5.21F 293 |2 3
oL
Swenson Pink
Ut 156.91 373 7
150.05 473 7
147.11 523 7

**ADDITIONAL PROPERTIES

a) MODULUS OF RIGIDITY (GPa)

b)

COMPRESSIBILITY (10-9/MPa) d)

IMPACT TOUGHNESS (m/mé)

c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS

f) LONGITUDINAL WAVE VELOCITY (km/s)

f) MODULUS OF RUPTURE (MPa)
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ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONDITIONS

NAME o £ ¢ | To | AootTiomaL |7 | Moo | PRESS: Lgrstuge | SMTLE SATEATION Loap
DESCRIPTION 3 v PROPERTIES : PORE CONTENT I ricTh RATE NOTES REF.
LOCATION (9/cm” )} (GPa) (MPa) | (MPa) (**) (K) SHAPE (Mﬁa) (%) (Cé) MEDTUM (MPa/s)
Granite 38.0% 0.0
Stone Mountain, GA -18 b 298 20
1.72
Stone Mountain Granite 0.0
Even texture, medium 2.61 28.00 298 12
grain
Stripa Granite 82.2 470.00 293 5 20.0 0.0 3
83.2 530.00 293 > 30.0 0.0 3
69.4 207.60 293 |10 0-0 3
8 0.0
71.2 208.20 323 3
7 0.0
62.4 221.30 373 3
57.2 205.50 423 6 9.0 D 3
5 5.0
75.4 308.50 293 0.0 3
77.2 372.00 293 > 10.9 0.0 3
“*+ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY (GPa) ¢) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS £) HMODULUS OF RUPTURE (MPa)

b} COMPRESSIBILITY (10-5/MPa)

d)

IMPACT TOUGHNESS (m/m2)

f) LONGITUDINAL WAVE VELOCITY (km/s)
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ROCK TYPE: GRANITE

MECHANICAL PROPERTIES

TEST CONDITIONS

NAME 0 £ ¢, | T, |nooiTiona T TIEks)'Ts Egg;s/ MOTSTURE S’L”ff)LE 5“‘;;’)‘”0" LOAD
DESCRIPTION 3 v PROPERTIES ~ oo CONTENT [t RATE NOTES REF.
LOCATION (g/cm™)| (GPa) (MPa) | (MPa) (**) (K) SHAPE (MPa) (%) (c"“) MEDIUM (MPa/s)
Shartashskoye Granite
Medium grained 2.64 19.1 673 19
USSR
2.66 | 16.2 723 19
Granite 16.0% 0.0
Stene Mountain, GA -06 b 298 2
7.18
a 0.0
.05 2a.0" 298 20
5.03
a
13 29.0 . 208 0.0 2
2.83
a
4 307 208 9.0 20
2.45
a 0.0
.16 B0 298 20
2.19
a 0.0
.16 35.0° 298 20
2.03
a
16 36.0 X 208 0.0 %
1.92
a
.17 .00 298 0.9 20
1.85 .
*+ADDITIONAL PROPERTIES  a) MODULUS OF RIGIDITY (GPa) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS ) MODULUS OF RUPTURE (MPa)
b) COMPRESSIBILITY (10-6/MPa)  d) IMPACT TOUGHNESS (m/m?) £) LONGITUDINAL WAVE VELOCITY (km/s)

¢0¢



ROCK TYPE: GRANITE MECHANICAL PROPERTIES TEST CONDITIONS

NAME p 3 CO TO ADDITIONAL T T?gis EEEES}: MOTSTURE SﬁﬁghE SAT%;?TION LOAD

DESCRIPTION 3 v PROPERTIES > Pﬂpé CONTENT LENCTH RATE NQOTES REF.

LOCATION (g/cm™)| {GPa) (MPa) | (MPa) (**) (X) SHAPE (MPa) (%) (Cn;) MEDIUM | (MPa/s)

Shartashskoye Granite

Fine grained 2.64 26.5 673 19

USSR
2.64 23.5 723 19

Shartashskoye Granite

Medium grained 2.64 31.9 291 19

USSR
2.64 30.9 323 19
2.64 29.4 373 19
2.64 27.9 423 19
2.64 26.0 473 19
2.64 23.5 523 19
2.64 22.6 573 19
2.64 20.6 623 19

**ADDITIONAL PROPERTIES a) MODULUS OF RIGIDITY (GPa) c) SHEAR WAVE VELOCITY (km/s) e) SHORE SCLEROSCOPE HARDNESS f) MODULUS OF RUPTURE (MPa)

b) COMPRESSIBILITY (10™°/MPa) d) IMPACT TOUGHNESS (m/m) f) LONGITUDINAL WAVE VELOCITY (km/s)

€0
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A.4 NOTES

Helium, mercury barometer method
Water wet sample

Model composition available

Partial failured edge spall

Failure strain approximate only

Geologic description available

Values estimated from graph

Point load test

Secant modulus at 50% failure

Tangent modulus, 50% ultimate strength
Axial Stress, 34.48 MPa

Axial stress 34,48 MPa, constrained modulus

L] - L L]

N GG o— D Mmoo O o s
.

-

=
-

Hydraulic conductivity value less than 1.0 x 10-10 m/s
Unknown stress level

Estimated stress, 3500 to 4000 MPa

The type of test is unknown for this data

Stress level, 20,7 MPa

Stress level, 62,1 MPa

Deformation modulus, stress level, 20.7 MPa

Deformation modulus, stress level, 62.1 MPa

Unloading
Intermediate load, secant value

-

Stress level, 50% ultimate strength

Absorption, percent of dry weight
Flash method

Previous maximum temperature - 1000K
aa. In situ drill hole test

bb., Test on side of specimen

-

N < > ¥ <O W RO oz
.
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APPENDIX B

SELECTION OF THE "EFFECTIVE"™ THERMAL CONDUCTIVITY
IN A DISPOSAL ROOM
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APPENDIX B

Heat transfer within a sealed disposal room before backfilling with crushed
granite is a complex combination of conduction, radiation, and convection., Heat
conduction and radiation can be modeled explicitiy, although the highly nonli-
near nature of radiative heat transfer significantly increases the time and
expense of the near-field analyses., The approximation of free convection within
a sealed disposal room is crude at best and must be based on very limited
empirical data. However, since the disposal room is seated after waste emplace-
ment, the combined heat transfer processes simply enhance the heat transfer
across the room, particularly from the room floor to the ceiling and walls.,
Consequently, the effects of conduction, radiation, and convection can be
approximated by increasing the thermal conductivity of the air in the room tc an
"effective" value which simulates the enhanced heat transfer across the room due
to the combined heat transfer modes. The subject of this appendix is the selec-
tion of the value for the "effective" thermal conductivity, ke, of the air,

In this investigation, five different approximations for the medium in a
disposal room were made that range from conduction through stagnant air to com-
bined conduction-radiation, These five cases are summarized in Table B-1, Two
values for the effective conductivity are included 1in these five cases along
with an approximation based on the thermal properties of granite. The latter
case was included to assess the impact of the disposal room on the near-field
thermal response. The model of a CHLW disposal room with an areal thermal
loading of 25 W/m? was used to perform the comparison of the five cases,

The results of this investigetion are presented in Figure B-1 and Table B-2.
The temperature difference between the floor and roof in (Case A appears to
greatly deviate from the other four cases, A large difference between the floor
and roof temperatures is expected in Case A since stagnant air is a very effec-
tive insulator and heat conduction through stagnant air closely approximates a
perfectly insulated boundary along the room periphery. Case B, which for heat
transfer purposes considers the room to be granite, shows the difference in roof
and floor temperature to be considerably less than in Case A, The roof and
floor temperatures for Cases C and D are almost identical. This close agreement
indicates that the change in thermal conductivity has only a minor influence
after the effective thermal conductivity has exceeded a certain value. Finally,

the roof and floor temperatures from Case E during most of the 100-year period
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Table B-1, Five Heat Transfer Mediums in Disposal Room

Thermal Specific Density
Case Disposal Room Conductivity Heat
Description (W/m-K) (J/kg-K) (kg/m3)
A Stagnant Air 0.001 1003 1.3
B Granite 2.52 809 2652
C Effective Thermal 25, 1003 1.3
Conductivity
(ke = 25,000 Kzip)
D Effective Thermal 50. 1003 1.3
Conductivity
(ke = 50,000 ka]r\)
E Stagnant Air with 0.001 1003 1.3

1-D Radiation(@)

(a) Radiative exchange beiween the floor and roof only,
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Cases with Different Heat Transfer Mediums in the Disposal
Room.



Table B-2. Temperature Rises (°C) for Five Different Heat Transfer
Mediums in Disposal Room

Floor Rib Roof

Time
(Years) A B C D E A B C D E A B C D E

86 47 29 27 46 11 15 24 24 11 1 8 22 23 41

5 124 80 59 57 73 43 48 54 54 43 19 36 52 53 69
15 139 103 87 85 96 75 78 83 83 75 51 68 81 82 94
25 139 110 97 96 104 88 90 94 94 88 67 82 92 93 101
40 128 108 99 98 103 93 94 97 97 93 78 8 96 96 102

55 114 100 92 92 95 89 90 91 91 88 77 85 90 91 94
70 103 92 87 87 89 85 85 86 86 84 76 82 86 86 88
100 83 77 74 73 75 73 73 73 13 72 63 71 73 73 74
Roof
Rib

Floor

91¢




217

are approximately 5°C greater than either Case C or D, However, the rib tem-
peratures for Case E during most of the 100-year period are approximately 5°C
less than either Case C or D, Since the radiative exchange in Case E was one-
dimensional (floor-roof exchange), two-dimensional modeling of radiation should
increase the rib temperiture and reduce the roof and floor temperatures.
Consequently, two-dimensional modeling of the radiative exchange should agree
more closely with the thermal behavior along the room periphery predicted in
Cases C and D,

The computation of an "effective" thermal conductivity was performed by exa-
mining the difference between the floor and roof temperatures from Case E and
estimating the total heat transfer across the room using the following relation:

9 otal = Yconduction * Yradiation (B-1)
- al 4 4
Yotal = Hairgz v T T ) (8-2)
where:
q = heat flux (N/mz)
kair = thermal conductivity of air (0,001 W/m-K)
%%—= vertical gradient of air temperature (K/m)
o = Stefan-Boltzmann constant (5.669 x 10'8 W/m2 - K4)
TTc = absolute temperature of floor (K)

—
1]

absolute temperature of roof (K).

[f the vertical gradient of air temperature 1is approximated as the difference
between the roof and floor temperatures divided by the height of the room,

Equation B-2 can be rewritten as follows:

(Teg = T.)
= k . fFor o (Ti - Tﬁ

Yotal air L ) (B-3)

where:

L = room height (7.0 m).
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If an "effective" thermal conductivity is chosen such that the heat transfer
across the room is equal to the total heat transfer given by Equation B-3 for
the same floor and roof temperatures, ke is given by the following equation:

(T, - T,) (Te - T.)

ke — T =Kgip — T * o (Tg - T.)

2

kg = ko to L (T2 + T (T o+ T (8-4)

e air
The floor and roof temperatures for Case E (Table B-2) were evaluated to
determine an effective thermal conductivity and a value of 75 W/m-K was selected
to model the heat transfer through the disposal room before backfilling. This
value is approximately 75,000 times the thermal conductivity of stagnant air.
As previously discussed, the value could be lowered to values associated with
Cases C and D without any appreciable change in room periphery temperature.
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APPENDIX C

THE DEVELOPMENT OF A FINITE ELEMENT PROGRAM

TO MODEL COUPLED CONVECTIVE AND CONDUCTIVE HEAT TRANSFER
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APPENDIX C

C.1 INTRODUCTION

This appendix reviews the theoretical considerations necessary to develop
finite element program SPECTROM-55,which is capable of modeling heat transport
in the Tliquid and solid phases of a ground-water flow system. The ultimate
application of this particular program is to predict any perturbation of the
regional hydrogeology in the vicinity of a nuclear waste repository. This
application typically involves modeling both forced and free convection through
a vertical cross section composed of multi-layered strata,

The program development is based principally on the Galerkin formulation of
the coupled, partial differential equations governing hydrothermal transport in
ground-water systems outlined by Mercer and Pinder [1974]. The convective
transport term is incorporated into the heat transfer equation using technigues
investigated by Hsu and Nickell [1974].

In the following sections, the governing equations and the methodology used
to incorporate them into SPECTROM-55 are described. A series of examples that
were used to validate the program are presented.

C.2 FORMULATION OF THE EQUATIONS

The porous medium is assumed to be a mixture of a solid phase and a liquid
phase, and both |hases are assumed to be continucus, Further, it is assumed
that throughout time, a representative elementary volume is occupied simulta-
neously by both phases and that the volume is saturated, Also, the motion of
the Tiquid phase 1is assumed to be relative to the solid phase, Based on these
premises, two partial differential equations may be developed [Mercer, 1973];
one equation governs the motion of the 1liquid phase and the other describes the
transport of heat in the liquid and solid phases., The equation of motion for
the ligquid phase in a nonisothermal, single-component, ground-water flow system
may be written as:

kel
all

W o-039 - 3P _ 3l - _
« (vp 029) (pzap + GDOBp) T 9Br st 9y = 0 (C-1)
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where:

pg = liquid density

=i
'

= intrinsic permeability tensor
p = dynamic viscosity of liquid
p = pressure

gravitational vector

|
"

ap = vertical compressibility of the liquid-solid mixture
8 = porosity

Bp = compressibility coefficient of liquid

BT = coefficient of thermal volume expansion of Jiquid

T = temperature

gp = volumetric time rate of supply of liquid mass.

Single and double bar overscores indicate vector and tensor quantities,
respectively.

The heat transport equation for a porous medium containing only a liguid and
solid phase may be written as: ’

— = = —_ 37
7. L8k, ¢+ (1005« 7T - [ep,c,, + (1-e)pee ] 20

=50,C Yy 7T + Q + 4pCyy (T-Th) =0 (C-2)
where:

i} = hydrodynamic thermal dispersion tensor of liquid
i} = thermal conductivity tensor of solid
Cyg = specific heat capacity of liquid
Cyg = specific heat capacity of solid

pg = so0lid density

Vp = velocity of liquid phase relative to solid phase
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L]

Q
Th

volumetric heat generation rate of mixture

temperature of liquid mass source, gp.

It 1is apparent from the preceding equations that the field variables the
finite element program will determine are pressure (Eguation C-1) and tem-
perature {Equation C-2), Also, the liquid and solid phases are assumed to be in
thermal equilibrium; that 1is, the liquid and solid phases are at the same tem-
perature,

The following constitutive relationships are used 1in conjunction with
Equations C-1 and C-2:

e The velocity is governed by Darcy's Law;

Vr = ::TB_ * (Vp - ng)' (C-3)

o Viscosity is temperature dependent as follows;

3 )
LI b aiT1 (C-4)
o Mo i
where:
Ib.=hr
by = 2.4945 x 1078 _Léw
ft
2
- 6 ft
a1 = 1,56376 x 10 mﬁg
2
a, = 6.9680 x 10° —% >
1h,.-hr-°F
f
2
2, = 7.6912 — 1 3
1bf-hr-°F
T = temperature °F (range 32°F to 570°F),

o Density is temperature and pressure dependent as follows;



228

Py = Pg t poB7(T-T,) + pOBp(P-PO) (C-5)

where the subscript zero denotes a reference value,
C.3 BOUNDARY CONDITIONS

Two types of boundary conditions may be applied to the equation of motion:
isobaric and mass flux. The former condition specifies a constant pressure at a
point and its implementation is a straightforward application of a Dirichlet-
type boundary condition, The latter condition is a Neumann-type boundary and
may be derived from the constitutive relation for velocity, viz:

= 2
pﬁ'( ¢ o= eV +~p§—% £ 31 n (C-6)
where:
v = superficial velocity, GVr
n = unit vector normal to boundary
%ﬁ = partiai derivative with respect to normal direction,

Note that for an impermeable boundary, Vo ﬁ = {J, the preceding equation
reduces to:

op - . -

Dirichlet-type and Neumann-type boundary conditions may similarly be applied
to the heat transfer equation. The Dirichlet condition takes the form of an
isothermal {constant temperature) boundary. The Neumann condition is once again
an applied flux condition described by the following egquation:

- [efi + (1-e)f;] LI T (C-8)




229

which, in the case of insulated boundaries, reduces to:

<=0, (C-9)

In addition to these two conditions, a third type of surface condition, the
convective boundary, may be applied to the heat transfer equation, This con-
dition is another flux-type boundary, where the heat flux is defined as follows:

q = h(Te -T) (C-10)
h = convective heat transfer coefficient
Te = ambient temperature outside surface.

C.4 FINITE ELEMENT METHODOLOGY

An examination of the governing Equations C-1 and C-2 and the constitutive
relations reveals the complexity of the coupling between the equation of motion
and the heat transfer equation., The equation of motien is coupled to the
temperature distribution both explicitly through the %% term and implicitly
through the temperature dependence of liquid density and viscosity. The heat
transfer equation is coupled to the pressure distribution principally by the
convective transport term, 8pgCygvp » VI, and secondarily by the dependence of
density on pressure (if the 1iquid phase is assumed compressible), Further, a
degree of nonlinearity is introduced into the equation of motion by the depen-
dence of density on pressure and into the heat transfer equation by the tem-
perature dependence of both density and viscosity.

Clearly, an iterative approach is appropriate if the nonlinearities within
each equation are to be accounted for, To solve both the equation of motion and
the heat transfer equation simultaneousiy is not an attractive prospect. As a
consequence of the preceding reasoning, the following solution methodology is

adopted at each time step:

e Solve the equation of motion using temperatures and pressures from
the previous time step.
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e Solve the heat transfer equation using the pressures and velocities
just calculated and the temperatures from the last time step.

# Repeat this alternating solution technique using the pressure,
temperature, and velocity distributions calculated in the previous
iteration to update the current iteration.

@ After convergence of both the pressure and the temperature distribu-
tions to stationary values, proceed tc the next time step.

The methodology outlined above is implemented within the framework of an
existing conduction heat transfer program that was based on a solution method
described by Wiison and Nickell [1966]. In the investigation by Wilson and
Nickell, a variational principle was applied to the following partial differen-
tial equation which governs transient heat conduction:

E.‘—E-Vf~pcg{_+q=o. (C-11)
The first variation of Equation C-11 yields a set of linear equations to be
solved for the nodal point temperatures of the finite element model as a func-
tion of time., In SPECTROM-55, the finite element model uses eight-noded, iso-
parametric elements exclusively.,

Noting the similarity between Eguation C-11 and the equation of motion
(Equation C-1) and the heat transfer equation {Equation C-2), it is clear that
many of the variables in the three equations are analogous., The anajogies are
shown in detail in Table C-1.

The identification of these analogous variables points out an efficient
method of structuring the finite element program. By the selection of the
appropriate grouping of variables depending on whether pressure or temperature
is being solved, the same subroutines may be used to assemble and solve the
required matrices and vectors for either field variable, A similar set of ana-
logies and method of approach can be applied to the boundary conditions outlined
in Section C-3,
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Table C-1. Analogous Variables Between the Solution of Conduction Heat
Transfer Outlined by Wilson and Nickell [1966] and the
Equations Governing Hydrothermal Transport in a Ground-water
Fiow System

Conduction Heat
Term Transfer Equation of Motion| Heat Transfer Equation
(Equation C-11) (Equation C-1) (Equation C-2)
Field
Variable T p T
_ - o % - —
Conductivity k - ekg + (1-e)kS
Capacitance oC 0,0 + 3008 8p,Cp ¥ (I-e)pscVS
Load ~8p By Q + qpc,, (T-T,)
4 I TU0RT 5T 9hCve h
p.x
-V . ’ . pﬁg

A remark concerning the time derivative of temperature in the equation of
motion is warranted. This term is approximated by the first backward-difference
expression for the first derivative, viz:

Y S T (C-12)

The only term in the equations governing hydrothermal transport in a ground-
water flow system not included in Table C-1 and unparalleled in the conduction
heat transfer equation (Equation C-11) is the convective transport term,
8peCyeVr + VI, in the heat transfer equation (Equation C-2). The following sec-

tion is devoted to the incorporation of this term into the finite element
program,
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C.5 INCORPORATION OF THE CONVECTIVE TRANSPORT TERM

The treatment of the convective transport term, gp,Cy,Vp « VI, in coupled
convective and conductive heat transfer analysis by finite element methods was
thoroughly investigated by Hsu and Nickell [1974]. Al1 the methods outlined in
that investigation involved the formation of an additicnal system conductivity
matrix, i;, which shall be referred to in this appendix as the convectivity
matrix. The system convectivity matrix is the sum of all the elemental convec-
tivity matrices in the system, viz:

=

=m
, K, (C-13)

z
m
where a subscript or superscript m refers to an elemental quantity. The elemen-
tal convectivity matrix is defined by the following equation:

m V. v .

= /
= I‘V‘m 8, Cyy Nm .V 0 dv {C-14)

1|

K
v

where Ny is the assumed polynomial shape function vector, ﬁ% is the spatial dif-
ferentiation of Ny, and %, indicates integration over the elemental volume.

Several alternatives are available for including the convectivity matrix
into the system of41inear equations that will be solved for nodal temperatures.
The most apparent is simply adding the convectivity matrix to the familiar con-
ductivity matrix,., The primary drawback to this approach lies in the fact that
the convectivity matrix is unsymmetric, whereas the conductivity matrix is sym-
metric. Therefore, a more complex and time-consuming matrix solution technique
must be used to solve the banded, unsymmetric matrix that results, Also, the
memory reguired to store the matrix is doubled,

An alternative to this approach is to multiply the convectivity matrix by an
appropriate temperature field and treat the resultant vector as an additional
load or flux. The temperature field from the previous time step could be used
as an initial estimate of the appropriate field and this estimate can be
improved by iteration., This method does not alter the conductivity matrix and,
hence, preserves its symmetry. However, it requires an additional iterative
procedure which is time-consuming., Also, as the ratio of the convective heat
transfer to conductive heat transfer becomes significant, the iterative solution
becomes unstable.
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During the course of development of finite element program SPECTROM-55, both
of the aforementioned techniques were tried, Both techniques were satisfactory
for many problems and both yielded accurate results. However, the inherent
instability of the iterative technique limited its application and made it Tless
general than the unsymmetric method. Also, the difference between the solution
time required to iterate to convergence and to solve the unsymmetric matrix was
inconsequential for most transient problems, This same conclusion was reached
by Hsu and Nickell [1974] during their investigations.

Consequently, the iterative treatment of the convectivity matrix was dis-
garded in favor of solving the unsymmetric convectivity-conductivity matrix.
The resultant finite element program requires somewhat more memory in terms of
both program length and matrix storage but consistently yields stable, accurate
results in approximately the same processor time.

C.6 VALIDATION OF FINITE ELEMENT PROGRAM SPECTROM-55

In this section, four of the examples used to validate finite element
program SPECTROM-55 are described. These examples not only demonstrate the
accuracy of the program hut also illustrate its range of application. The first
two examples are simple, uncoupled problems., The first involves conduction heat
transfer only (v = 0}, and the second shows the program's capability to predict
velocities 1in porous media. The third example involves combined forced
convection-conduction heat transfer. The problem is coupled in one direction;
that is, the heat transfer equation depends on the velocity distribution but the
velocity distribution 1is independent of the temperature field. The fourth
example qualitatively illustrates the program's capability to model natural con-
vection, This problem is coupled in both directicons (the velocity distribution
depends on the temperature field and vice versa).

A1l four examples are two-dimensional {x-y) problems, where the y-direction
is vertical and gravity acts in the negative y-direction. Further, all the
examples involve a homogeneous, isotropic solid phase composed of a single
material, The properties of the solid phase are listed below.

1.5 T Btu/hr-ft-°F

Ks

Cys = 0.2 Btu/lby-°F
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ps = 170 1by/ft3

Q = 0.0 Btu/ft3
T = 1.0 x 1010 1 2
6 = 0.15
ap = 0.0
gh = 0.0 tby/hr

where:

I = Identity matrix.

A1l the properties of the solid phase are assumed to be temperature independent,
The properties of water are used for the liquid phase. These properties are
listed below.

Ky = 0.35 1 Btu/hr-ft-°F
Cyg = 1.0 Btu/lbg-°F
0o = 62.46 1by/ft3

- f 0,0 Problems 1, 2, 3
BT = 1-0.001/°F Problem 4

Ty = 60°F
ﬁp = 0,0
b= oug = 6.42 x 1079 lbg-hr/ft2,

As shown above, the water is assumed to be incompressible and its viscosity is
independent of temperature,

The finite element mesh used in Examples 1 and 3 is illustrated in Figure
C-1; the meshes used in Examples 2 and 4 are shown in Figures (-2 and (-3,
respectively, Note that eight-noded, isoparametric elements are utilized in all
the problems.



Figure C-1. Finite Element Mesh Used in Examples 1 and 3.
Dimensions are in Feet.
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€.6.1, Example 1, Transient Heat Conduction Analysis

Consider a semi-infinite body composed of a porous medium. The liquid phase
is static and its density does not depend on temperature or pressure (g7 = Bp =
0)., Initially the body is at a uniform temperature of 60°F, At t = 0, the sur-
face of the body (x = 0) is raised to a temperature of 160°F and maintained at
this temperature. |

This example is essentially a one-dimensional transient conduction problem
with the properties slightly modified to account for the fact that the con-
ducting medium is a mixture., The governing equation, boundary conditions, and
initial conditions of this problem are:

2

3 T _ aTl

—_—s = — (C-15a)
! ol ot a
T(0,t) = T] (C-15b}
T(w,t) = T(x,0) = TO (C-15¢)

where:
_ ek£ + (1-e)kS
mo Bp.C. . + (TLé)pchs

o , & mixture thermal diffusivity.

The analytical solution to this problem is reported in many sources, including
Carslaw and Jaeger [1959], and it is described by the following equation:

ir-fri%— = erfc (——). (C-16)

Since the Tiquid phase 1is static, the pressure distribution is simply the
hydrostatic sotution,

=0 (C-17a)

(C-17b)
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The mesh used to model Example 1 is shown in Figure C-1 and the correspond-
ing thermal boundary conditions are shown in Figure C-4, Although the example
involves a semi-infinite body, the finite element model must be truncated to a
finite 1length, L, which 1is beyond the influence of the elevated temperature
boundary at x = 0 throughout the time domain of interest. In this case, L = 4
feet was arbitrarily selected; this length is adequate for the modeling period
of ten hours. For the equation of motion, the boundaries were all modeled as
impermeable surfaces and a hydrostatic pressure distribution was initially
applied,

Figure C-5 illustrates the close agreement between the finite element solu-

tion and the analytical solution of the transient temperature distribution,

C.6.2 Example 2., Steady-State Velocity Distribution Around Base of Impermeable

Dam

Consider an 1impermeable dam located between two bodies of water as
illustrated in Figure C-6. Since the water depths in the two bodies are not
equal, water will flow between them through the permeable ground beneath the
dam. Example 2 involves predicting the steady-state pressure and velocity
distribution in the permeable sub-surface, The temperature of the two bodies of
water and the underlying ground is assumed to be uniform, and hence, no heat
transfer occurs,

Figure C-2 shows the finite element mesh used to model this example. The
applicable boundary conditions are illustrated in Figure C-7, The teft, bottom,
and right boundaries are assumed to be far enough from the principle flow field
that they may be considered impermeable, The central section of the top boun-
dary represents the impermeable base of the dam. The left and right sides of
the top boundary are the bottoms of the two bodies of water and are therefore
considered constant head (pressure) surfaces.

Figure C-8 shows 1iines of equipotential predicted in the porous material
below the two bodies of water and the base of dam., Potential is defined by the
following equation:
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¢ = P - pogd (C-18)

where:

¢ = potential

p = pressure

po = density of liquid

g = gravitational constant

d = depth below surface of porous material,

These equipotentials closely resemble those shown by Bear [1972] for this porous
media flow problem, The resultant velocity distribution is shown in Figure C-9,.

C.6.3 Example 3. Coupled Conduction and Forced Convection Heat Transfer

Consider a semi-infinite body composed of a porous medium. Liquid is
flowing into the exposed surface and through the body at a constant velocity.
The superficial velocity at the surface is vy = 8 vpy = 0.1 ft/hr, where vpy is
the x-component of the pore velocity. Initially the body is at a uniform tem-
perature of 60°F, At t = 0, the surface of the body (x = 0) is raised to a tem-
perature of 160°F and maintained at this temperature,

This example is similar to the transient conduction problem (Example 1)
except for the addition of convective transport. The governing egquation, boun-
dary conditions, and initial conditions of this problem are:

aT al _ 3 al
v ) (C-19a)
T(0,t) = Ty (C-19b)
T(”st) = TO (C-19c¢)
where:
PoCyeVx
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i ) k2 + (1-8) ks
m BpCyg * (1-8) ogCys

The analytical solution to this problem is shown 1in the 1literature by
Zienkiewicz and Taylor [1971], and it is described by the following equation:

T-T
- .CTL. = % erfc (X - UT> + exp (%}er‘fc <ﬂ~> (C-20)
0 L d

1 2¢umt m ZJE;E

Note that if Vg = 0, this problem is equivalent to the transient heat conduction
problem in Example 1, and Equation C-20 will reduce to the corresponding solu-
tion (Equation C-16) when U = 0,

Since the flow is horizontal, the pressure gradient can be predicted from
Equation C-3. Hence, the gradient of pressure should be given by the following

equation:
oo -
- 3p ! ( Ho¥x )
/ ax K ) Ky, K
/=4 ) (C-21)
1N |
Ly L TR

N

The mesh used to model Example 3 1is shown in Figure C-1 and the
corresponding boundary conditions for temperature and pressure are shown in
Figure C-10, Although the example involves a semi-infinite body, the finite
element model must be truncated to finjte length, L, which 1is beyond the
influence of the elevated temperature boundary at x = 0 throughout the time
domain of interest. In this case, L = 4 feet was arbitrarily chosen; this
length is adequate for the modeling period of ten hours,

A comparison of the finite element solution and the analytical solution of
this problem is shown in Figure C-11, The finite element solution slightly
underpredicted the temperatures near the surface and slightly overpredicted
the temperatures at larger depths., The latter result may be a consequence of -
the truncation of the semi-infinite body to a finite length. Nonetheless, the
maximum error between the two solutions was approximately 3 percent,
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Figure C-1J. Initial and Boundary Conditions Applied to Heat
Transfer Equation {a) and Equation of Motion (b)
in Example 3. F(y) = 2000 - 62.46 y psf.
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C.6.4 Example 4, Transient-Free Convection Analysis

Consider an infinite body composed of a porous medium with a straight wire
passing horizontally through it. Initially the temperature of the entire body
is 60°F and at t = 0, the wire is instantaneously heated to a temperature 160°F
and maintained at this temperature.

For the finite element model of this example, a vertical section, 3-foot
square and perpendicular to the wire, was selected. The wire was modeled as an
isothermal node at the center of the section., Since the section is symmetric
about a vertical plane parallel to the wire, only the left hand side of the sec-
tion was modeled. The boundary conditions applied to the finite element model
are shown in Figure C-12 and the finite element mesh is shown in Figure C-3, It
should be noted that the finite dimensions of the model Timit the time domain
which may be accurately modeled since the boundary conditions will influence the
solution at later times. The size of the model chosen for this example is ade-
quate for a modeling period of about fen hours,

The development of the convection cells is illustrated in Figure C-13. The
shape of the cells and their growth pattern agree qualitatively with the physi-
cal situation. The influence of the heat transfer due to free convection is
shown in Figure C-14, This figure shows the ratio of the temperature predicted
for this example to the temperatures predicted for the equivalent conduction
problem., As anticipated, the motion of the fluid carries heat into the porous
medium above the point that is maintained at an elevated temperature, In turn,
cool fluid is swept into the region below the hot point. Hence, the tem-
peratures in the region above the hot point are slightly higher than the conduc-
tion solution predicts and the temperatures in the region below the hot point
are slightly lower,
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DOSE RATE CALCULATIONS BY SCIENCE APPLICATIONS, INC.
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APPENDIX D

This appendix contains correspondence from Mr. L. D. Rickertsen, Science
Applications, Inc. of Oak Ridge, TN. The correspondence contains the results of
dose rate calculations performed by Science Applications, Inc. for SF, CHLW, and
DHLW canisters in the reference granitic repository defined in this report. The
method of calculation is described in the letter dated May 9, 1980, HoWever,
the dose rate data included in this letter were found to be incorrect and a
second set of calculations were performed. Details of the correction and a
revised set of calculations (including DHLW) are in the letter dated July 17,
1980,

A couple notes regarding the data contained 1in these letters are
appropriate. The dose rates in these letters are referred to as "KERMA rate”.
In the context of a canister emplaced in a backfilled drillhole 1in granitic
rock, the terms KERMA and absorbed dose are essentially synonomous. Also, the
initial thermal power assumed for the three waste types in these calculations
were 550, 2160, and 310 W per canister for SF, CHLW, and DHLW, respectively.
Because of the unacceptable very-near-field thermal response predicted for a
2100 W CHLW canister in granite, the canister thermal loading of CHLW was
lowered 1in subsequent analyses by diluting the waste with more glass (the
canister dimensions were not changed}. The dose rates for a CHLW canister with
the thermal locading changed in this manner are approximately proportional to the
canister thermal loading., Consequently, for a 1 kW CHLW canister, the dose
rates are approximately 1/2,16 of the rates shown in the letters in this appen-
dix,

The authors of this report sincerely appreciate the assistance of Mr. L. D.
Rickertsen and Science Applications, Inc. in providing these data.

Preceding page blank
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May 9, 1980

John Osnes

RE/SPEC Inc.

P. 0. Box 725

Rapid City, SD 57709

Dear John:

Recently we sent you the results of calculations for the energy
absorption rate of the rock in a granite repository. Calculations

were made for both spent fuel (SF) and high-level waste (HLW) canisters
with waste emplaced in the repository 10 years after discharge from the
reactor. The fission product density assumed for the HLW was selected
such that the canister thermal load at emplacement would be 2.16 kW.
The SF canister selected contained a single PWR spent fuel assembly.

A1l calculations were performed with the one-dimensional discrete
ordinates code, ANISN {W.W. Engle, Jr. "A User's Manual for ANISN -

A One Dimensional Discrete Ordinates Transport Code with Anisotrepic
Scattering", UCND-K-1693, 1967) and only gamma radiation was considered
(previous work has shown the neutron component to be insignificant - for
example, see Y/OWI/TM-36/22). The quantity calculated is the kinetic
energy release to matter (KERMA) which describes the kinetic energy
transferred from the indirectly ionizing radiation to the charged
particles liberated within a volume element. Away from material inter-
faces the KERMA rate differs insignificantiy from the material dose
rate.

The granite composition used in the calculations is given in Table 1.
The mass and energy adsorntion coefficients corresponding to these
components and provided by the Radiation Shielding Information Center
were used for the granite KERMA response functicns. The backfill around
the 0.3 m diameter canister was chosen to have a 0.1 meter thickness and
a 31% void fraction. The KERMA rates resuiting from these calculations
are given in Tables 2 and 3.

If you have any questions concerning these calculations, please do not
hesitate to ask. Ve hope this information is of use to you.

Sincerely,

SCIENCE APPLICATIONS, INC.

S

Larry D. Rickertsen

cc: . Raines, ONWI
Science Applications, Inc. Bidg. C, Suite 100, 800 Oak Ridge Turnpike, Oak Ridge, Tenn. 37830 615-482-9031

Other SA! Oftices: Albuquerque, Ana Arbor, Arlinglon, Atianta, Boston, Chicago, Huntsville, L.a Jolla, Los Angeles, MclLean, Palo Afto, Sunnyvale, and Tucson,
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Table 1.

Composition Assumed for Granite Repository Host Rock

Component % by Weight
8102 71.

A]203 1

Fe203

Fel
Mg0

K50
Water + Mn0O

HZO
TiOZ
Po05
MnO

o o o O —~ B W —~ O — - B
— N P 0N WPy OB OO

‘ .

TOTAL 99.

w
w



TABLE 2

Distance
(m) 10 YR
20.7 1.31 (57"
21.5 1.21 (5)
22.4 1.09 (5)
23.3 9.88 (4)
24.1 8.91 (4)
25.0 8.04 (4)
25.9 7.09 (4)
26.8 6.04 (4)
27.1 5.11 (4)
28.6 4.26 (4)
29.5 3.49 (4)
30.5 2.66 (4)

.66

* Read 1.31(5) as 1.31 x 10
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TABLE 3

Distance

=

20.
21.
22,
23.
24,
25,
25.
26.
27.
28.
29.
30.
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July 17, 1980

John QOsnes

RB/SPEC, Inc.

P. 0. Box 725

Rapid City, SD 57709

Dear John,

Earlier we sent you the results of calculations for the dose rate to
the rock and backfill in a grantie repository (reference the letter

of May 9 ). Those calculations for HLW are not correct and we are
including the corrected curves here. '

The calculations for the dose take into account a 0.662 MeV gamma ray

from the chain decay of Cs-137 which makes a wajor contribution for

20-year old HLW. Unfortunately, because the ORIGEN runs include this

gamma ray both in the description of Cs-137 and its daughter Ba-137m,

the contribution was included twice. This double-counting has now

been corrected in the present results. In addition all other possibilities
for double-counting have been investigated and the present curves contain
only a single contribution from each decay.

We appreciate the help of Neil Bibler and Dick Lynch in helping to point
out the possible discrepancy in the earlier results. We hope these
results are useful to you.

Sincerely,

SCIENCE APPLICATIONS, INC.

Larry D. Rickertsen
Division Manager

cc: N. Bibler

R. Lynch
G. Raines
LDR/31

Science Applications, Inc. Bidg. C, Suite 100, 800 Oak Ridge Turnpike, Oak Ridge, Tenn. 37830 615-482-9031

Other SAt Offices: Albuquerque, Ann Arbor, Arlington, Atlanta, Boston, Chicago, Huntsville, La Jola, Los Angeles, MclLean, Falo Alto, Sunnyvale, and Tucson.
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Predicted Dose Rates for Granite Repositories*
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APPENDIX E LIST OF ABBREVIATIONS

ASTM American Society for Testing and Materials
ATL areal thermal Toading

BMI Battelle Memorial Institute

CHLW commercial high-Tevel waste

CRWN Civilian Radioactive Waste Management Program
DHLW defense high-level waste

DOE U, S. Department of Energy

ERE expected repository environments

FC flow condition

FEM finite element mesh

FF far field

HLW high-Tevel waste

ICB Interface Control Boards

NF near field

NWTS Natfonal Waste Terminal Storage program

OCRD 0ffice of Crystalline Repository Development
PWR pressurized water reactor

RRC-TWG Reference Repository Conditions - Interface Working Group
SF spent fuel

YNF very near field
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KINGDOM
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FINLAND
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ABELARDO RAMIREZ
LAWRENCE D. RAMSPOTT (2}
R.N. SCHOCK
TECHNICAL INFORMATION DEPARTMENT
L-53
RICHARD THORPE
RICHARD VAN KONYNENBURG
WASTE PACKAGE TASK LIBRARY
DALE G. WILDER
JESSE L. YOW, JR.
LEAGUE OPPOSING SITE SELECTION
LINDA S. TAYLOR
LEHIGH UNIVERSITY
D. R. SIMPSON
LIBRARY OF MICHIGAN
RICHARD ]. HATHAWAY
LOCKHEED ENGINEERING & MANAGEMENT
COMPANY
STEVE NACHT
LOS ALAMOS NATIONAL LABORATORY
DONALD W. BROWN
ERNEST A BRYANT
P. L. BUSSOLINI
B. CROWE
BRUCE R. ERDAL
WAYNE R, HANSEN
CLAUDE HERRICK
w. C. MYERS
DONALD T. OAKLEY
K. K. S PILLAY
ROBERT E. RIECKER
KURT WOLFSBERG
LOS ALAMOS TECHNICAL ASSOCIATES INC
R.J. KINGSBURY
LOUISIANA GEOLOGICAL SURVEY
CHARLES G. GROAT
LOUISIANA TECHNICAL UNIVERSITY
LIBRARY
R. H. THOMPSON
LOWENBERG ASSOCIATES
HOMER LOWENBERG
M.]. OCONNOR & ASSOCIATES LTD
M. ). OCONNOR
MAINE BUREAU OF HEALTH
DONALD C. HOXIE
MAINE GEOLCGICAL SURVEY
WALTER A. ANDERSON, PH.D.
MAINE STATE PLANNING OFFICE
RICHARD D. KELLY jR.
MAINE STATE SENATE
JUDY KANY
MARQUETTE COUNTY HEALTH DEPT
ALAN R. BUDINGER
MARQUETTE COUNTY PLANNING
COMMISSION
JAMES KIPPOLA
MARYLAND DEPT OF HEALTH & MENTAL
HYGIENE
MAX EISENBERG
MARYLAND DEPT OF HEALTH AND MENTAL
HYGEENE
WILLIAM M. EICHBALUM
MARYLAND DEPT OF NATURAL RESOURCES
THOMAS MAGETTE
CHRIS ZABAWA
MARYLAND GEOLOGICAL SURVEY
KENNETH N. WFAVER
MASSACHUSETTS DEPT OF ENVIRONMENTAL
QUALITY ENGINEERING
JOSEPH A, SINNOTT



MASSACHUSETTS HOUSE GF
REPRESENTATIVES
WILLIAM ROBINSON
MASSACHUSETTS INSTITUTE OF
TECHNOLOGY
W. F. BRACE
JOHN DEUTCH
RICHARD K. LESTER
MARSHA LEVINE
DANIEL METLAY
MASSACHUSETTS RADIATION CONTROL
PROGRAM
ROBERT HALLISEY
MASSACHUSETTS STATE SENATE
CAROL C. AMICK
MATERIALS RESEARCH LABORATORY LTD -
CANADA
5. SINGH
MATH SCIENCES RESEARCH STATION
MARTIN & ELAINE WALTER
MCMASTER UNIVERSITY - CANADA
L. W.SHEMILT
MELLEN GEOLOGICAL ASSOCIATES INC
FREDERIC F. MELLEN
MEMBERS OF THE GENERAL PUBLIC
R. H. BECK
LOUISE BECKER
W. E. BENSON
JAMES BOYD
THOMAS G. BRADFORD
ROGER H. BROOKS
HAZEL CHAPMAN, PH.D.
LAWRENCE CHASE, PH.D.
YVONNE C. CONDELL
STEVE CONEWAY
M. VAL DALTON
RICHARD DAVIES
GERALD A. DRAKE, M.D.
CHARLES 5. DUNN
JEAN EARDLEY
THAUMAS P. EHR
WARREN EISTER
MICHAEL A, FATLA
SHIRLEY M. GIFFORD
MICHAEL ). GILBERT
HARRY D. GOODE
DOUGLAS H. GREENLEE
KENNETH GUSCOTT
C. F. HAJEK
A. M. HALE
STEPHEN B, HARPER
JOSEPH M. HENNIGAN
VIRGINIA HOMME
DOROTHY HUSEBY
KENNETH S. JOHNSON
HELEN B. KENNY
SCOTT KRAMER
THOMAS H. LANGEVIN
HARRY E. {EGRAND
LINDA LEHMAN
A. ALAN MOGHISS!
RAYMOND MOHR
F. L. MOLESKi
BARBARA MORRA
LAWRENCE G. PETERSON
CAROLINE PETTI
SHAILER S. PHILBRICK
RUS PURCELL
MARTIN RATHKE
TOM & MARY REES
PETER J. SABATINI, JR.
OWEN SEVERANCE
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PAUL SHEWMON
HARRY W, SMEDES
NORMAN C. SMITH
PATRICIA SNYDER
GLENN W.STEWART
M. ). SZULINSKI
A.E.WASSERBACH
JIMMY L WHITE
RICHARD j. WILLIS
SUSAN D. WILTSHIRE
LINDA WITTKOPF
STEPHIN G. ZEMBA

MEMORIAL UNIVERSITY OF NEWFOUNDLAND

JOHN E. GALE

MENOMINEE INDIAN TRIBE OF WISCONSIN
STEVEN L. DODGE

MICHAEL BAKER, |R. INC
C.J. TOUHILL

MICHIGAN CENTER FOR ENVIRONMENTAL

HEALTH SCIENCES

JOHN L. HESSE

MICHIGAN DEPT OF NATURAL RESQURCES
DAN E. REED
R. THOMAS SEGALL

MICHIGAN DEPT OF PUBLIC HEALTH
ARTHUR W. BLOOMER
GEORGE W. BRUCHMANN
ERIC SCHWING

MICHIGAN ENVIRONMENTAL PROTECTION

COMMITTEE

DAVE CHAPMAN

MICHIGAN GEOLOGICAL SURVEY
ROBERT C. REED

MICHIGAN PUBLIC SERVICE COMMISSION
RON CALLEN

MICHIGAN STATE CHAMBER OF COMMERCE
GEORGE GRAFF

MICHIGAN STATE SENATE
PENNY ANCEL

MICHIGAN STATE UNIVERSITY
BILL COOPER
WILLIAM C. TAYLOR
BRUCE W. WILKINSON

MICHIGAN TECHNOLOGICAL UNIVERSITY
ROBERT PATTERSON

MICHIGAN UNITED CONSERVATION CLUBS
WAYNE SCHMIDT

MIDWESTERN CONFERENCE OF THE COUNCIL

OF STATE GOVERNMENTS
JAMES BOWHAY
MINNESOTA AUDUBON COUNCIE
VIRGINIA K. BLACK
MINNESOTA DEPT OF ENERGY AND
DEVELOPMENT
MINNESOTA DEPT OF HEALTH
ALICE T. DQLEZAL HENNIGAN
MINNESOTA DEPT OF NATURAL RESOURCES
TOM BALCOM
MINNESOTA ENVIRONMENTAL QUALITY
BROARD
TOM KALITOWSK!
GREGG LARSON
RICHARD PATON
MINNESOTA GEOLOGICAL SURVEY
MATT . WALTON
MINNESOTA GOVERNORS TASK FORCE ON
HIGH-LEVEL RADIOACTIVE WASTE
MINNESOTA HEADWATERS REGIONAL
DEVELOPMENT COMMISSION
MINNESOTA STATE SENATE
CONRAD VEGA

MISSISSIPPI ATTORNEY GENERALS OFFICE
MACK CAMERON
MISSISSIPPL BUREAU OF GEOLOGY
MICHAFL B. E. BOGRAD
MISSISSIPPL CITIZENS AGAINST NUCLEAR
DISPOSAL
STANLEY DEAN FLINT
MISSISSIPPI DEPT OF ENERGY AND
TRANSPORTATION
RONALD J. FORSYTHE (3)
MISSISSIPPI DEPT OF NATURAL RESOURCES
CURTIS W. STOVER
MISSISSIPP! HOUSE OF REPRESENTATIVES
MACK MCINNIS
MISSISSIPPI STATE BOARD OF HEALTH
EDDIE S. FUENTE
MISSISSIPPI STATE HOUSE OF
REPRESENTATIVES
HILLMAN TEROME FRAZIER
MITRE CORP
LESTER A. ETTLINGER
MITSUBISHI METAL CORP
TATSUO ARIMA
MOAB NUCLEAR WASTE INFORMATION
OFFICE
MICHAELENE PENDLETON (2)
MOBAY CHEMICAL CORP
KENNETH H. HASHIMOTO
MONTANA BUREAU OF MINES AND
GEOLOGY
EDWARD C. BINGLER
MONTICELLO NUCLEAR WASTE
INFORMATION OFFICE
CARL EISEMANN (2)
MORRISON-KNUDSEN COMPANY INC
SERGI KAMINSKY
STEPHANIE NICHOLS
NAGRA - SWITZERLAND
HANS ISSLIR
CHARLES MCCOMBIE
NATIONAL ACADEMY OF SCIENCES
JOHN T. HOLLOWAY
HAROLD L. JAMES
NATIONAL AERONAUTICS AND SPACE
ADMINISTRATION
MICHAEL ZOLENSKY
NATIONAL BOARD FOR SPENT NUCLEAR
FUEL, KARNBRANSLENAMDEN - SWEDEN
NILS RYDELL
NATIONAL BUREAU OF STANDARDS
RILEY M. CHUNG
NATIONAL HYDROLOGY RESEARCH
INSTITUTE - CANADA
DENNIS 1. BOTTOMLEY
K. U. WEYER
NATIONAL PARKS & CONSERVATION
ASSOCIATION
TERRI MARTIN
NATIONAL SCIENCE FOUNDATION
ROYAL E. ROSTENBACH
NATIONAL WILDLIFE FEDERATION
MARK VAN PUTTEN
NATURAL RESOURCES DEFENSE COUNCIL
THOMAS B. COCHRAN
NAVAL WEAPONS STATION EARLE
GENNARO MELLIS
NEW ENGLAND NUCLEAR CORP
KERRY BENNERT
CHARLES B. KILLIAN
NEW HAMPSHIRE GOVERNORS ENERGY
OFFICE
DENNIS HEBERT



NEW HAMPSHIRE OFFICE OF STATE PLANNING
DAVID G. 5COTT
NEW JERSEY DEPT OF ENVIRONMENTAL
PROTECTION
JEANETTE ENG
NEW JERSEY GEQLCGICAL SURVEY
FRANK |J. MARKEWICY
NEW JERSEY INSTITUTE QF TECHNOLOGY
BEN STEVENSON
NEW MEXICO BUREAU OF MINES AND
MINERAL RESOURCES
FRANK E. KOTTLOWSKI
NEW MEXICO ENVIRONMENTAL EVALUATION
"GROUP
ROBERT H. NEILL
NEW YORK DEPT OF HEALTH
DAVID AXELROD, M.D.
NEW YORK ENERGY RESEARCH &
DEVELOPMENT AUTHORITY
JOHN P, SPATH {8)
NEW YORK GEOLOGICAL SURVEY
ROBERT H. FAKUNDINY
NEW YORK STATE ASSEMBLY
STANLEY FINK
MAURICE D. HINCHEY
ANGELO ORAZIO
NEW YORK STATE ATTORNEY GENERALS
OFFICE
EZRA |. BIALIK
NEW YORK STATE DEPT OF ENVIRONMENTAL
CONSERVATION
PAUL MERGES
NEW YORK STATE ENERGY RESEARCH AND
DEVELOPMENT AUTHORITY
JOHN C. DEMPSEY
NEW YORK STATE ENVIRONMENTAL
FACILITIES CORP
PICKETT T. SIMPSON
NEW YORK STATE GEOLOGICAL SURVEY
JAMES R, ALBANESE
ROBERT H. FICKIES
NEW YORK STATE HEALTH DEPT
JOHN MATUSZEK
NEW YORK STATE PUBLIC SERVICE
COMMISSION
FRED HAAG
NEW YORK STATE SENATE
DALE M. VOLKER
NEW YORK STATE SENATE RESEARCH SERVICE
DAVID WHITEHEAD
NEYER, TISEQ, & HINDO LTD
KAl R. HINDQO
NORTH CAROLINA CONSERVATION
COUNCIL
JANE SHARP
NORTH CAROLINA DEPT OF NATURAL
RESOURCES & COMMUNITY DEVELOPMENT
STEPHEN G. CONRAD
NORTH CAROLINA STATE SENATE
1. R, ALLSBROOK
NORTH CAROLINA STATE UNIVERSITY
M. KIMBERLEY
NORTH CENTRAL WISCONSIN REGIONAL
PLANNING COMMISSION
ARNO WILLIAM HAERING, |R.
NORTH DAKOTA GEOLOGICAL SURVEY
DON L. HALVORSON
NORTH DAKXOTA STATE UNIVERSITY
JOHN M. HALSTEAD
NORTH ILLINOIS UNIVERSITY
B. VON ZELEEN
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NORTHEAST UTILITIES SERVICE COMPANY
PATRICIA ANN OCONNELL
NORTHERN MICHIGAN UNIVERSITY
GAIL D. GRIFFITH
MAIN LIBRARY
JON L. SAARI
NORTHERN STATE POWER COMPANY
BILL HEANEY
NORTHWEST REGIONAL PLANNING
COMMISSION
MARK |. MUELLER
NORTHWESTERN UNIVERSITY
BERNARD J. WOOD
NTR GOVERNMENT SERVICES
THOMAS V., REYNOLDS
NUCLEAIRE HYDRO LTD
JOHN WILLIAM KENNY, 111
NUCLEAR ASSURANCE CORP
JOHN V. HOUSTON
JEAN RION
NUCLEAR ENERGY AGENCY/OECD - FRANCE
ANTHONY MULLER
NUS§ CORP
W. G BELTER
RODNEY J. DAVIS
N. BARRIE MCLEOQOD
BARRY N. NAFT
DOUGLAS D. ORVIS
YONG M. PARK
NUTECH ENGINEERS INC
GARRISON KOST
ALFRED SUGARMAN
NWT CORP
W. L. PEARL
OAK RIDGE NATIONAL LABORATORY
CARLOS E. BAMBERGER
|. ©. BLOMEKE
H. C. CLAIBORNE
ALLEN G. CROFF
LESLIER. DOLE
CATHY 5. FORE
DAVID C. KOCHER
T. . LOMENICK
ELLEN D. SMITH
STEPHEN 5. STOW
OKLAHOMA GEQLOGICAL SURVEY
CHARLES [. MANKIN
OKLAHOMA STATE DEPT OF HEALTH
R. L. CRAIG
ONTARIO HYDRO - CANADA
R. W. BARNES
J. A. CHADHA
K. A CORNELL
C.F. LEE
R. C. OBIRTH
ONTARIO MINISTRY OF THE ENVIRONMENT -
CANADA
JAAK VIIRLAND
ONTARIO RESEARCH FOUNDATION -
CANADA
LYDIA M. LUCKEVICH
ORANGE COUNTY COMMUNITY COLLEGE
LAWRENCE E. OBRIEN
OREGON DEPT OF ENERGY
DONALD W. GODARD
OREGON STATE UNIVERSITY
JOIIN C. RINGLE
ORGANISATION FOR ECONOMIC
COOPERATION AND DEVELOPMENT -
FRANCE
PETER D. JOHNSTON
OTHA INC
JOSEPH A. LIEBERMAN

PACIFIC NORTHWEST LABORATORY
W. F. BONNER
DON ). BRADLEY
JOHN B, BROWN
H. C. BURKHOLDER
JOHN B. BURNHAM
T. D. CHIKALLA
L. L. CLARK
HARVLY DOVE
FLOYD N. HODGES
J. H. JARRETT
CHARLES T. KINCAID
MAX R. KREITER
DONALD £. LARSON
J. E. MENDEL
]. M. RUSIN
R. JEFF SERNE
CARL UNRUH
R. E. WESTERMAN
J. H. WESTSIK, IR.
PARSONS BRINCKERHOFF QUADE &

DOUGLAS INC
T. R, KUESEL
ROBERT PRIETO
MARK E. STEINER

' PARSONS-REDPATH

BRUNO LORAN
PB-KBB INC
JUDITH G. HACKNEY
PENBERTHY ELECTROMELT INTERNATIONAL
INC
LARRY PENBERTHY
PENNSYLVANIA DEPT OF ENVIRONMENTAL
RESOURCES
THOMAS M. GERUSKY
PENNSYLVANIA STATE UNIVERSITY
MARY BARNES
MICHAEL GRUTZECK
DELLA M. ROY
WILLIAM B, WHITE
PENNSYLVANIA TOPOGRAPHIC &
GEOQOLOGICAL SURVEY
ARTHUR A. SOCOLOW
PHILADELPHIA ELECTRIC COMPANY
JOHN ). TUCKER
PHYSIKALISCH-TECHNISCHE BUNDESANSTALT
- W. GERMANY
HORST SCHNEIDER
PIRGIM
RICHARD LEVICK
POBERESKEN INC.
MEYER POBERESKIN
POINT BEACH NUCLEAR PLANT
JAMES ]. ZACH
POLLUTION AND ENVIRONMENTAL
PROBLEMS
CATHERINE QUIGG
PRESEARCH INC
RHONNIE L. SMITH
PRIVATE CITIZEN
JANET R. REMUIS
PSE& G
JOHN ). MOLNER
PUBLIC SERVICE INDIANA
ROBERT 5. WEGENG
PURDUE UNIVERSITY
PAUL 5. LYKOUDIS
RADIAN CORP
BARBARA MAXLY
RADIATION PROTECTION COUNCIL
TERI L. VIERIMA



RADIOACTIVE WASTE PROJECT/MINNESOTA
PUBLIC INTEREST RESEARCH FEOUNDATION
BARBARA |. JOHNSON
RALPH M. PARSONS COMPANY
JERROLD A. HAGEL
RE/SPEC INC
GARY D. CALLAHAN
WILLIAM C. MCCLAIN
RED ROCK 4-WHEELERS
GEORGE SCHULTZ
RENSSELAER POLYTECHNIC INSTITUTE
BRIAN BAYLY
RESEARCH AND PRODUCTIVITY COUNCIL -
CANADA
D. ABBOTT
RESOURCE SYSTEMS INSTITUTE
KIRK R. SMITH
RHODE ISLAND GOVERNORS ENERGY OFFICE
BRUCE VILD
RHODE ISLAND GOVERNORS OFFICE
JOHN A. IVEY
RIO ALGOM CORP
DUANE MATEOCK
RISO NATIONAL LABORATORY - DENMARK
LARS CARLSEN
ROCHESTER POST-BULLETIN
BRUCE MAXWELL
ROCKWELL HANFORD OPERATIONS
RONALD C. ARNETT
JAMES L. ASH
HARRY BABAD
G.S. BARNEY
L.R. FITCH
R. . GIMERA
KUNSOOQ KiM
KARL M. LA RUE
STEVEN J. PHILLIPS
MICHAEL . SMITH
RICHARD T. WILDE
ROCKWELL INTERNATIONAL ENERGY SYSTEMS
GROUP
HARRY PEARLMAN
LAWRENCE [. SMITH
ROGERS & ASSOCIATES ENGINEERING CORP
ARTHUR A. SUTHERLAND
ROGERS, GOLDEN & HALPERN
JACK A. HALPERN
RONALD M. HAYS & ASSOCIATES
RONALD M. HAYS
ROY F. WESTON INC
MARTIN HANSON
WILLIAM [VES
RONALD MACDONALD
MICHAEL V. MELLINGER
SAM PANNO
JILL RUSPI
DOUGLAS W. TONKAY
LAWRENCE A. WHITE
ROYAL INSTITUTE OF TECHNOLOGY -
SWEDEN
IVARS NERETNIEKS
ROGER THUNVIK
RPC INC
JAMES VANCE
S.E. LOGAN & ASSOCIATES INC
STANLEY E. LOGAN
$.M. STOLLER CORP
ROBERT W. KUPP
SAFE ENERGY COALITION
JENNIFER PUNTENNEY
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SALT LAKE CITY TRIBUNE
[IM WOOLF
SAN DIEGO GAS & ELECTRIC COMPANY
LOUIS BERNATH
SAN JOSE STATE UNIVERSITY SCHOOL OF
ENGINEERING
R. N. ANDERSON
SANDIA NATIONAL LABORATORIES
G. C. ALLEN
KEN BEALL
MARGARET $. CHU
JOE A. FERNANDEZ
THOMAS O. HUNTER
[. KEITH JOHNSTONE
A.R. LAPPIN
R.W. LYNCH
MARTIN A. MOLECKE
JAMES T, NEAL
E.]. NOWAK
NESTOR R. ORTIZ
SCOTT SINNOCK
A. W. SNYDER
LYNN D. TYLER
WOLFGANG WAWERSIK
WENDELL D, WEART
WIPP CENTRAL FILES
SANTA FE SHAFT DRILLING CO
ROBERT J. PLISKA
SARGENT & LUNDY ENGINEERS
LAWRENCE L. HOLISH
SAVANNAH RIVER LABORATORY
E. ). HENNELLY
CAROL JANTZEN
1, WENDELL MARINE
WILLIAM R. MCDONELL
DONALD ORTH
SCANDPOWER INC
DAN POMEROY
SCIAKY BROTHERS
JOHN C. JASPER
SCIENCE APPLICATIONS INC
JEFEREY ARBITAL
JERRY J. COHEN
NADIA DAYEM
BARRY DIAL
MICHAEL B. GROSS
JAMES E. HAMMELMAN
DEAN C. KAUL
DAVID H. LESTER
PETER E. MCGRATH
JOHN E. MOSIER
HOWARD PRATT
MICHAEL E. SPAETH
M. D. VOEGELE
KRISHAN K, WAH!
ROBERT A. YODER
SCRIPPS INSTITUTE OF OCEANOGRAPHY
(A-015)
HUBERT STAUDIGEL
SENATE RESEARCH SERVICE
DAVID WHITEHEAD
SENECA COUNTY DEPT OF PLANNING &
DEVELOPMENT
SERATA GEOMECHANICS INC
FRANK TSAL
SHANNON & WILSON INC
HARVEY W. PARKIR
SHIMIZU CONSTRUCTION COMPANY LTD
JUNJI TAKAGI

SHIMIZU CONSTRUCTION COMPANY LTD -

JIAPAN
JUN SHIMADA

SIERRA CLUB
MARVIN RESNIKOFF
SIERRA CLUB - COLORADO OPEN SPACE
COUNCIL
ROY YOUNG
SIERRA CLUB LEGAL DEFENSE FUND
H. ANTHONY RUCHEL
SIERRA GFOPHYSICS INC
DAVID M. HADLEY
SKBF/KBS - SWEDEN
C. THEGERSTROM
$OGO TECHNOLOGY INC
TIO C. CHEN
SOKAOGON CHIPPEWA COMMUNITY
ARLYN ACKLEY
SOUTH CAROLINA GEOLOGICAL SURVEY
NORMAN K. OLSON
SOUTH CAROLINA GOVERNORS DIVISION OF
ENERGY POLICY
WILLIAM NEWBERRY
SOUTH CAROLINA GOVERNORS QFFICE
TRISH JERMAN
JOHN 1. STUCKER
SOUTH DAKOTA GEOLOGICAL SURVEY
RICHARD BRETZ
SOUTH DAKOTA OFFICE OF ENERGY POLICY
STEVEN M., WEGMAN
SOUTH DAKOTA SCHOOL OF MINES AND
TECHNOLOGY
CANER ZANBAK
SOUTHERN STATES ENERGY BOARD
J. F. CLARK
NANCY KAISER
SOUTHWEST RESEARCH AND INFORMATION
CENTER
DON HANCOCK
ALISON P. MONROE
SPRING CREEK RANCH
DALTON RED BRANGUS
SRI INTERNATIONAL (PS 285)
DIGBY MACDONALD
ST & E TECHNICAL SERVICES INC
STANLEY M. KLAINER
ST. JOSEPH COLLEGE
CLAIRE MARKHAM
STANFORD UNIVERSITY
KONRAD B. KRAUSKOPF
GEORGE A, PARKS
IRWIN REMSON
STATE UNIVERSITY OF NEW YORK AT
BINGHAMTON
FRANCIS T. WU
STATE UNIVERSITY OF NEW YORK COLLEGE AT
CORTLAND
JAMES E. BUGH
STAUFFER CHEMICAL COMPANY
RANDY L BASS.BASSETT
STEARNS-ROGER SERVICES INC
VERYL ESCHEN
STONE & WEBSTER ENGINEERING CORP
ARLENE C. PORT
STUDSVIK ENERGITEKNIK AB - SWEDEN
AKE HULTGREN
OVE LANDSTROM
ROLF SfOBLOM
SWANSON ENVIRONMENTAL INC
PETER G. COLLINS
SWEDISH GEOLOGICAL
LIBRARY
KA] AHLBOM
LEIF CARLSSON



SWISS FEDERAL NUCLEAR SAFETY DEPT
SABYASACHI CHAKRABORTY
SWISS FEDERAL OFFICE OF ENERGY
U. NIEDERER
SYRACUSE UNIVERSITY
WALTER MEYER
SYSTEMS SCIENCE AND SOFTWARE
PETER LAGUS
T.M. GATES INC
TODD M. GATES
TECHNICAL INFORMATION PROJECT
DONALD PAY
TECHNICAL RESEARCH CENTRE OF FINLAND
SILJIA RUMMUKAINEN
KARI SAARI
SEPPO VUOR!
TEKNEKRON RESEARCH INC
DOUGLAS K. VOGT
TELEDYNE PIPE
TOBY A. MAPLES
TERRA TEK INC
KHOSROW BAKHTAR
DANILL D. BUSH
TERRAFORM ENGINEERS INC
FRANCIS S. KENDORSKI
TERRAMETRICS INC
HOWARD B. DUTRO
TEXAS A & M UNIVERSITY
JOHN HANDIN
LARL HOSKINS
STEVE MURDOCK
GARY ROBBINS
JAMES E. RUSSELL
TEXAS BUREAU gF ECONOMIC GEOLOGY
WILLIAM L. FISHER
TEXAS GOVERNORS OFFICE
R. DANIEL SMITH
THE ANALYTIC SCIENCES CORP
JOUIN W, BARTLETT
CHARLES M. KOPLIK
THE BENHAM GROUP
KEN SENOUR
THE EARTH TECHNOLOGY CORP
FRED A. DONATH (2)
JOSEPH G. GIBSON
DAN MELCHIOR
JAMES R. MILLER
FIA VITAR
MAT] WERNER
KENNETH L. WILSON
THE NORWEGIAN GEOTECHNICAL INSTITUTE
NICK BARTON
THOMSEN ASSOCIATES
C. T. GAYNOR, Il
TIMES-PICAYUNE
MARK SCHLEIFSTEIN
TIOGA COUNTY PLANNING BOARD
THOMAS A. COOKINGHAM
TRANSNUCLEAR INC
BILL R. TELR
TUN ISMAIL ATOMIC RESEARCH CENTRE
(PUSPATI)
SAMSURDIN 8IN AHAMAD
U.H.D.E. - W, GERMANY
FRANK STEINBRUNN
U.S. BUREAU OF LAND MANAGEMENT
LYNN JACKSON
U.S. DEPT OF COMMERCE
PETER A. RONA
U.S. DEPT OF ENERGY
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CHED BRADLEY
R. COOPLRSTEIN
LAWRENCE H. HARMON
ROGER MAYES
CARL NEWTON
DAVID SCHWELLER
JAMES TURT
U.S. DEPT OF ENERGY - ALBUQUERQUE
OPERATIONS OFFICE
R. LOWERY
DORNER T. SCHUELER
U.S. DEPT OF ENERGY - CHICAGO
QOPERATIONS OFFICE
VICKI ALSPAUGH-PROUTY
NURI BULUT
DUANE DAY
GARY C. MARSHALL
ERIC|. MOTZ
PUBLIC READING ROOM
R.SELBY
U.S. DEPT OF ENERGY - CRYSTALLINE
REPOSITORY PROJECT OFFICE
SALLY A. MANN
U.S. DEPT OF ENERGY - CRYSTALLINE ROCK
PROJECT OFFICE
STEVEN A. SILBERGLEID
U.S. DEPT OF ENERGY - DIVISION OF WASTE
REPOSITORY DEPLOYMENT
JEFF SMILEY
U.S. DEPT OF ENERGY - GEOLOGIC
REPOSITORY DIVISION
J. W. BENNETT
C.R. COOLEY (2)
JIM FIORE
MARK W. FRE}
RALPH STEIN
U.S. DEPT OF ENERGY - HEADQUARTERS
PUBLIC READING ROOM
HENRY F. WALTER
U.S. DEPT OF ENERGY - IDAHO OPERATIONS
OFFICE
M. BARAINCA
JAMES £ LEONARD
PUBLIC READING ROOM
U.5. DEPT OF ENERGY - NEVADA OPERATIONS
OFFICE
PUBLIC READING ROOM
U.S. DEPT OF ENERGY - NUCLEAR WASTE
POLICY ACT OFFICE
ROBERT M. ROSSELLI
U.S. DEPT OF ENERGY - OAK RIDGE
OPERATIONS OFFICE
PUBLIC READING ROOM
U.5. DEPT OF ENERGY - OFFICE OF BASIC
ENERGY SCIENCES
MARK W, WITTLLS
U.S. DEPT OF ENERGY - OFFICE OF CIVILIAN
RADIOACTIVE WASTE MANAGEMENT
JANIE SHAHEEN
U.S. DEPT OF ENERGY - OFFICE OF DEFENSE
WASTE AND BYPRODUCTS
G. K. OERTEL
U.S. DEPT OF ENERGY - OFFICE OF ENERGY
RESEARCH
FRANK ). WOBBER
U.S. DEPT OF ENERGY - OFFICE OF PROJECT
AND FACILITIES MANAGEMENT
D. L. HARTMAN
U.5. DEPT OF ENERGY - OSTI (317)
U.S, DEPT OF ENERGY - RICHLAND
OPERATIONS OFFICE
J. SCHREIBER

U.S. DEPT OF ENERGY - SAN FRANCISCO
OPERATIONS OFFICE
ENERGY RESOURCES CENTER
LEN LANNI
PUBLIC READING ROOM
11.S. DEPT OF ENERGY - SAVANNAH RIVER
OPERATIONS OFFICE
T. B. HINDMAN
U.5. DEPT OF ENERGY - WEST VALLEY PROJECT
OFFICE
W. H. HANNUM
U.S. DEPT OF LABOR
ALEX G. SCIULLI
KELVIN K. WU
U.S. DEPT OF THE INTERIOR
PAUL A. HSIEH
U.S. ENVIRONMENTAL PROTECTION AGENCY
DIVISION OF CRITERIA & STANDARDS
DONALD HUNTER
JAMES NEIHEISEL
LLS. ENVIRONMENTAL PROTECTION AGENCY
-REGION It
JOYCE FELDMAN
U.5. GENERAL ACCOUNTING OFFICE
WILLIAM DAVID BROOKS
CHARLES D. MOSHER
U.S. GEOLOGICAL SURVEY
VIRGINIA M. GLANZMAN
GERHARD W. LEO
JACOB RUBIN
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